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A b s t r a c t
M agnetosphere-ionosphere (M-I) coupling processes are studied by using nu­
m erical modeling. An M-I coupling model of substorm s on th e  ionospheric recom ­
bination tim e scale (tens of seconds) is developed. T he m odel is tw o-dim ensional 
(2-D) and tim e-dependent from which several signatures of substorm s can be ob­
ta ined  and  understood. The model is then extended to  northw ard  in terp lane tary  
m agnetic field (IM F) conditions to study the effects of the  M-I coupling on the 
h igh-latitude convection. Based on the  model results, a m echanism  for the  ori­
gin of d isto rted  two-cell ionospheric convection is proposed. The ionospheric and  
ground signatures of multiple field-aligned current sheets orig inating from dayside 
flux transfer events have been modeled. The in teraction  between Alfven waves 
and field-aligned potential drops is studied by using a local model.
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C h a p te r  1. In tro d u ctio n
Particles and  fields originating from the Sun can gain entry  into the te rrestria l 
m agnetosphere and  deposit their energy in th e  ionosphere and atm osphere. This 
so lar-terrestria l chain s ta rts  from the solar atm osphere, goes through the  solar 
wind and  m agnetosphere, finally ends a t the  ionosphere and  atm osphere. The 
final link of this chain is generically referred to as m agnetosphere-ionosphere (M ­
I) coupling. Because of its key position in the physics of the near-E arth  space 
environm ent, th e  M-I coupling has been a m ajor focus of space research.
T he M-I coupling encompasses a com plicated set of in teracting phenom ena 
occurring on vastly different tem poral and  spatia l scales ra ther th an  a set of 
isolated processes. The driving force of the  M-I coupling system  is the energy 
and m om entum  transferred from the in teraction  between the  m agnetosphere and 
the solar wind at the  m agnetospheric boundary. T he energy flow in the M-I system  
is prim arily  from  the m agnetosphere to  the  ionosphere, and finally dissipates in 
the ionosphere and atm osphere. However, it is now clear th a t the ionosphere is 
not a  passive elem ent in this system. The ionospheric dynam ics and the  spatia l 
d istribu tion  of ionospheric conductivity can significantly affect the m agnetospheric 
p lasm a tran sp o rt and  the configuration of the m agnetospheric current system . 
Furtherm ore, a  substan tial portion of the  p lasm a population  of the m agnetosphere 
originates in th e  ionosphere.
D epending on the characteristic scale length , the  various coupling processes 
between the  m agnetosphere and the ionosphere can be roughly categorized into
( 1 ) global scale coupling processes; (2 ) in term ediate  scale coupling processes; and
1
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(3) microscopic scale coupling processes. T he global scale coupling processes in­
clude the  global electrical coupling, which simply m aps the  m agnetospheric electric 
field onto the  ionosphere and  leads to  the E  x B  convection p a tte rn  of the iono­
spheric plasm a; and  the  global electrodynam ic coupling, which consists of large 
scale Alfven waves and large scale field-aligned currents. Figure 1.1 [from Chiu 
et al., 1984] shows average p a tte rn s  of field-aligned curren t, ionospheric electric 
field, horizontal ionospheric current, and E x B  drift velocity, which result directly 
from the  global scale coupling processes. Exam ples of in term ediate scale coupling 
processes are the field-aligned potential drop s truc tu re  and  the westward traveling 
surge. T he m icroscopic scale coupling processes are m ainly the interaction pro­
cesses betw een particles and  different types of plasm a waves, including whistlers, 
e lectrosta tic  ion cyclotron waves, ion acoustic waves, lower hybrid waves, and 
Langm uir waves. T he scope of this thesis will cover only the global scale coupling 
and  the in term ed iate  scale coupling processes in the m agnetosphere-ionosphere 
system  and  focus on the  num erical modeling of the  M-I coupling processes.
The basic idea of the  m agnetosphere-ionosphere coupling model can be traced 
back to  th e  classic work of Axford and Hines [1961]. The concepts and elements 
of the M-I coupling model were further discussed by Axford  [1969], Kennel [1969], 
and Coroniti and Kennel  [1973]. Vasyliunas [1970] suggested a com putational 
scheme for trea ting  the  M-l coupling in a  self-consistent way. This scheme has 
been developed b o th  in  analytic calculations [e.g., Siscoe, 1982] and in  com puter 
models [e.g., Spiro et al., 1981]. Recent quan tita tive  developm ents of the M-I 
coupling m odel include th e  Rice convection model on th e  substorm  tim e scale of 
30 m inutes [Harel et al., 1981; Spiro et al., 1981; Wolf et al., 1982], the local
2
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Fig. 1 .1 . Sketch of the  typical pa tte rn s  of (a) field-aligned current, 
(h) ionospheric electric field, (c) horizontal ionospheric current, (d) 
E x B  drift velocity [Chiu et al., 1984].
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westward traveling surge (W TS) model [Rothwell et al, 1984], the  MHD sim ulation 
model [Watanabe et al., 1986], and the transien t response model on the Alfven 
wave traveling tim e scale of a few m inutes [Kan and Sun, 1985; Kan et al., 1988].
Due to  the  complexity of the m agnetosphere-ionosphere system , each pro­
posed model can only em phasize certain  aspects of the  M-I coupling system  and 
display p art of the global features of the  M-I coupling processes. T he Rice 
convection model [Spiro et al., 1981] simulates the  M-I coupling in the inner- 
m agnetosphere/ionosphere system  (L <  10). T he ring current and the region 2 
current are satisfactorily reproduced in the  model, bu t the model region 1 current 
varies greatly from  the observations. T he local w estward traveling surge model 
[Rothwell et al., 1984] studies the  propagation features of the  W TS in a local frame. 
The active role of the  ionospheric conductance in th e  M-I coupling receives certain  
a tten tion  in the model. Due to  an oversimplified trea tm en t of the current closure 
at the boundaries, the resulting features of the m otion of the  W TS in the  model 
are not consistent w ith observations. The MHD sim ulation model [ Watanabe et 
al., 1986] is a 3-D model w ith a pseudo-dim ension along m agnetic field lines. One- 
fluid MHD equations are used to model the m agnetosphere while a  current density 
continuity equation is used for the ionosphere. Since the  ionospheric density is 
constant in tim e, there is no actual involvement of the ionospheric dynam ics in the 
model. Th.e features of the  region 1 current can be seen in the model results, but 
the features of the region 2 current are to tally  lost. The transien t response model 
on the  Alfven wave traveling tim e scale [Kan and Sun, 1985; K an et al., 1988] can 
display som ew hat more of the  observed features of the M-I coupling processes. 
The transien t period is characterized by the successive bouncing of an  Alfven
4
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wave between the m agnetosphere and the ionosphere. Alfven waves are responsi­
ble for transm itting  inform ation about the enhanced m agnetospheric convection 
to the ionosphere and for sending the ionospheric feedback to  the m agnetosphere 
during the transien t period when the ionospheric convection, the field-aligned 
current, and the ionospheric conductance are increasing w ith tim e. A num ber of 
the observed features of the M-I coupling processes are displayed in the model, 
which include the d istribu tion  of bo th  region 1 and region 2  curren ts w ith the 
correct sense, the enhanced westward and eastw ard electrojets, the  intensified up­
ward field-aligned current band a t the poleward edge of the  diffuse aurora, and a 
sudden break-up of the discrete aurora.
The M-I coupling system  is like a big puzzle, which can only be built up 
one piece a t a tim e in a self-consistent way. The strategy  guiding the  research 
in th is thesis is as follows. F irst of all, we develop a prelim inary global coupling 
m odel which should be as simple as possible, bu t which contains the m ost basic 
physical processes. T hen we choose an additional im portan t physical process for 
the M-I coupling and  study it in a  local fram e. After the physics of th a t specific 
process is understood  in a local sense, the process is built into the  global model 
to see the role of the  new process in the whole coupled system  and to  study the 
interactions between the specific process and the original basic model. Such a  pro­
cedure continues until a  clear understanding of the role played by every im portan t 
physical process in the M-I coupling system  is achieved. I t is believed th a t this 
strategy  is a practical way to  help us to  solve the big puzzle of the  M-I coupling 
system . The objective of this thesis is to  gain a  b e tte r understand ing  of the M-I 
coupling processes through num erical modeling. The guideline of the thesis can be
5
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sum m arized as follows. In the coupled M-I system , the ionosphere plays the role 
of an active key element. The ionospheric dynam ics can significantly affect the 
dynam ics in th e  m agnetosphere. Many high-latitude phenom ena, including sub­
storm , can only be understood through the  M-I coupling processes. The key links 
between the ionosphere and the m agnetosphere are field-aligned current and  its 
carrier Alfven waves which are in itia ted  by the change of the m agnetospheric con­
vection. U nder such a  guideline, several im portan t results were obtained. F irst, 
highly localized discrete auroral structu res aligning along the poleward boundary 
of the diffuse aurora are found to be produced by the positive feedback in teractions 
between the field-aligned currents and the  nonuniform  and anisotropic ionospheric 
conductance associated w ith local recom bination tim e scales. Secondly, four-cell 
convection pa tte rn s  im posed on the  m agnetosphere by the solar wind during a 
northw ard IM F can be d istorted  into w rapped two-cell convection pa tte rn s  which 
are sim ilar to  the em pirical two-cell convection pa tte rn s deduced by Heppner and 
Maynard  [1987]. The convection distortions are caused by the anisotropic reflec­
tions of Alfven waves due to  anisotropic and  nonuniform  ionospheric conductance. 
These results have improved our understanding  of the  coupled M-I system  and the 
h igh-latitude phenom ena.
In chap ter 2, a global M-I coupling model of substorm s on the ionospheric 
recom bination time scale is presented, which characterizes our modeling of th e  M­
I coupling under the southw ard in terp lanetary  m agnetic field (IM F) conditions. 
In contrast to  m ost o ther substorm  models, we try  to  understand  the substorm  
phenom ena in term s of the M-I coupling processes. The model is essentially a 
2 -D tim e-dependent global model in which the  ionospheric recom bination tim e
6
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scale is included and many global signatures of substorm s can be displayed and 
reasonably explained.
In chap ter 3, the M-I coupling model presented in chap ter 2 is extended to  
the northw ard  IM F conditions to  study the effects of the M-I coupling on the high- 
la titu d e  convection. Based on the model results, a  m echanism  for the  origination 
of the  d is to rted  two-cell ionospheric convection is proposed, and the associated 
global features are discussed in the chapter.
The role of dayside dynamics in the global M-I coupling has not been well 
explored. One of the possible dynam ic processes for transferring the energy and  
m om entum  of the  solar wind to the m agnetosphere th rough the dayside m agne­
topause is flux transfer events (FT E s). In chapter 4, the  ionospheric and  ground 
signatures of the  m ultiple field-aligned current sheets originating from  dayside 
FT E s are m odeled in a local frame. The ground features of various F T E  theories 
are also com pared and discussed in the chapter.
One of th e  most im portan t physical processes in the M-I coupling system  is 
the in teraction  between Alfven waves and field-aligned po ten tia l drops. In chap ter 
5, the in teractions between Alfven waves and a  localized double layer po ten tia l 
drop are studied in isolation (e.g. w ith the  exclusion of the m agnetosphere and  
the ionosphere). The work can be used as a  basis for building the  in teraction  
between Alfven waves and field-aligned potential drop in to  a  global M-I coupling 
model.
Finally, chapter 6  summarizes the m ajor results and  conclusions of the  thesis, 
and discusses the  possible further work in term s of the developed M-I coupling 
model.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
C h a p ter  2. G lob a l M a g n e to sp h e r e -io n o sp h e r e  C ou p lin g  M o d e l o f  
S u b sto rm s
2.1 . In tr o d u ctio n
The m agnetospheric substorm  is a transien t process in which a significant 
am ount of energy derived from the solar w ind-m agnetosphere interaction is de­
posited  in the  auroral ionosphere and in the  m agnetosphere. A substorm  is 
a global m anifestation of the solar w ind-m agnetosphere-ionosphere in teraction, 
which could not be seen as a phenom enon exclusively due to  the plasm a-sheet 
dynam ics, or exclusively due to  the  ionospheric dynam ics.
Akasofu  [1964] first proposed the concept of auroral substorm s, and  sub­
sequently [Akasofu , 1968] assembled the h igh-latitude processes associated with 
the auroral substorm s in a fram ework th a t was called m agnetospheric substorm . 
Since th a t tim e a  vast am ount of research has been carried out th a t has greatly 
enhanced our understanding of the substorm  phenom ena. An operational defini­
tion of a  m agnetospheric substorm  was derived by a working group [Rostoker et 
al., 1980], which is as follows: the te rm  m agnetospheric substorm  described an 
interval of increased energy dissipation confined, for the  most p art, to  the region 
of the auroral oval. T he onset of this process is signaled by explosive increases 
in auroral lum inosity in the m idnight sector, and  the entire process encompasses 
an  interval during which the s treng th  of the  auroral electro jet current increases 
from  and retu rns back to  the background level. D uring this interval there may
8
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be a sequence of intensifications of th e  w estw ard electro je t, each associated  with 
a Pi 2 m icropulsation burst and  a  w estw ard traveling surge. As th e  substorm  
develops, the region of discrete aurora  in  th e  m idnight sector expands poleward 
and westward (the  poleward bulge). Eventually, the  region of d istu rbed  aurora 
reaches a  m axim um  la titu d e  and  begins to  recover tow ard its p resubsto rm  loca­
tion. The interval of tim e between the first Pi 2 bu rs t and th e  tim e the  aurora 
reaches a  m axim um  la titu d e  has been called the expansion phase. The interval 
during which th e  au ro ra  in the  m idnight sector re tu rns to  lower la titudes  is called 
the recovery phase.
The object of substorm  studies is a  huge assembly consisting of m any cou­
pled physical processes occurring in the m agnetosphere and th e  ionosphere. The 
purpose of substo rm  studies is not only to  u n ders tand  each physical process in the 
substorm , but also to  understand  th e  role played by an individual process in the 
whole substo rm  system  and  to  exam ine the in terrelationships between different 
physical processes. T he substorm  is indeed a  set of global phenom ena caused by 
the coupling of a  num ber of coupled nonlinear physical processes.
This chap ter presents a  global m agnetosphere-ionosphere coupling m odel of 
substorm s on the  ionospheric recom binaton tim e scale. The purpose of the  model 
is to  understand  th e  substorm  phenom ena in term s of the coupling processes 
between the m agnetosphere and  the ionosphere, which is different from m ost o ther 
global substo rm  models. The m ajor contribution of the model is the inclusion of 
the finite ionospheric recom bination tim e scale in the  M-I coupling processes. 
Many global signatures of substorm s can be displayed and reasonably explained 
by the m odeling results. It is believed th a t  the  present substorm  model contains
9
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a certain  po rtion  of the  essential links in the substorm  system  and can be used as 
a basis for m ore comprehensive global substorm  models.
The chap ter is organized in the following way. Section 2.2 describes the 
global m agnetospheric and  ionospheric signatures of substorm s, and  introduces 
the progress in  global modeling of substorm s. Section 2.3 introduces the  basic 
idea and the  m ain  results of the M-I coupling m odel of substorm s on the Alfven 
wave traveling tim e scale. Section 2.4 presents an M-I coupling model of substorm s 
on the ionospheric recom bination time scale, including the m athem atical and  nu­
merical form ulations of the  model, the global features of substorm s displayed by 
the num erical results, and the corresponding physical explanations of those fea­
tures. Section 2.5 sum m arizes the m ajor results of the  model, and  discusses the 
applicability and  the  fu rther improvement of th e  model.
2 .2 . G lo b a l S ig n a tu res  and M o d e lin g  o f  S u b sto rm s
M orphological features of substorm s have been studied extensively by ob­
servations. T he global ionospheric and m agnetospheric signatures of substorm s 
sum m arized by K an  [1989] are listed below.
(1) Substorm s develop most typically when the  equatorw ard auroral arc (near 
the poleward edge of the diffuse aurora) suddenly brightens and subsequently 
undergoes b o th  poleward and westward expansion [Akasofu , 1964].
(2) B right auroral arcs are at locations where intense (>  10- 6 A /m 2) upw ard 
field-aligned curren ts flow [Kamide and Rostoker, 1977].
(3) The auroral oval expands during the grow th phase of a substorm . The
10
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polar cap po ten tia l drop increases as the in terp lane tary  m agnetic field tu rns south­
ward [Reiff and L uhm ann , 1986; Doyle and Burke , 1983].
(4) The region 1 and  2 field-aligned currents intensify asym m etrically [Iijima 
and Potemra, 1976], leading to  intense upw ard field-aligned currents near the 
westward head of the  substorm  surge [Baumjohann, 1988; Opgenoorth et al., 1983] 
located near th e  H arang discontinuity [Heppner , 1977].
(5) A uroral e lectro jet currents intensify as m easured by the AE index which 
correlates w ith  the polar cap poten tial drop [AAn et al., 1984].
(6 ) A tail-like m agnetic field configuration develops a t 6 . 6  R e  prior to  the 
substorm  onset. T hinn ing  of the plasm a sheet s ta rts  a t ~  15 R e  about 30 m inutes 
prior to  the  onset of substorm s [Hones, 1984].
(7) C losure of the intense substorm  field-aligned currents in the plasm a sheet 
results in the substo rm  current wedge [A tkinson , 1967; McPherron et al., 1973], 
although the  cause which leads to  the  form ation of the  substorm  current wedge is 
still subject to  different in terpreta tions.
(8 ) A n ear-E arth  X-line may form earthw ard  of the  pre-existing X-line in 
the d istan t ta il, leading to  the form ation of a plasm oid stream ing tailw ard [e.g., 
Hones, 1979]. The rad ia l distance of the n ear-E arth  X-line is probably greater 
than  2 0  R e -
(9) P lasm a injections occur near 6 . 6  R e  [Deforest and Mcllwain, 1971; Mcll- 
wain, 1974] when the  tail field become more d ipolar [Cummings and Coleman, 
1968].
(10) H igh-speed bursty  earthw ard plasm a flow occurs in  the  inner central 
plasm a sheet inside 20 R e  [Baumjohann et al., 1989]. H igh-speed plasm a flow
11
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occurs in the p lasm a sheet boundary layer (PSBL) when the plasm a sheet re­
covers during the recovery phase of substorm s [Lui et al., 1977]. Ion tem pera­
tu re  increases strongly w ith AE in the central plasm a sheet, while it increases 
slowly w ith AE in the PSBL under disturbed conditions [Huang and Frank, 1986; 
Baumjohann et al., 1989].
The global m odeling of substorm s has a much shorter history  th an  the ob­
servations of substorm s. In term s of mechanisms, the substorm  models can be 
categorized as: (1) near-E arth  X-line models [McPherron et al., 1973; Schindler, 
1974; Nishida and Hones, 1974; Hones, 1980; Baker et al., 1987; Lyons and 
Nishida, 1988; Baumjohann,  1988], (2) low-latitude boundary  layer models [iioa- 
toker, 1987; Rostoker and Eastman, 1987], (3) m agnetosphere-ionosphere coupling 
models [5piro et al., 1981; Rothwell et al., 1986; K an and Sun, 1985; K an et al.,
1988], and (4) therm al catastrophe models [Smith et al., 1986; Goertz and Smith,
1989].
The m ain idea of the  near-E arth  X-line model is to  show th a t  substorm  onset 
is a  result of the form ation of a new X-line in the  near-E arth  central plasm a 
sheet. The typical configuration change in the central p lasm a sheet associated 
w ith the form ation of a new X-line is schematically shown by Figure 2.1 [from 
Hones, 1980]. Panel 1 depicts the quiescent plasm a sheet as it may exist some 
considerable tim e before a substorm . Panel 2 depicts conditions at the instan t of 
onset of the  substo rm ’s expansive phase. Panels 3, 4, and 5 depict a continuation 
of the process of severing plasm a sheet field lines a t N '  as lines labeled 3, 4, and 
5 successively reach N ' . The Earth-free tailward-flowing portion of the plasm a 
sheet, th readed  w ith closed magnetic loops, is called a  “plasm oid” . In panels
12
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Fig. 2.1. Typical configuration change in the central plasma sheet 
associated with the formation o f  a new X-line [Hones,  1980], W hite  
arrows depict plasm a flow.
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1 4
Fig. 2 .2 . Com et M orehouse (1908 III) on Septem ber 30, O ctober 
1 , and O ctober 2, top to  bo ttom , respectively. This sequence shows 
the disconnection and  drifting away of the  plasm a tail [Baker et al., 
1984]. ‘
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6-9, lobe field lines are reconnecting a t N ' ,  and in the m eantim e the plasm oid 
is moving tailw ard rapidly. Panel 10 depicts the recovery of th e  plasm a sheet. 
The above sequence is sim ilar to  the  rap id  loss of plasm a a t com et tails, which 
is shown by th e  subsequent photographs in Figure 2.2 [from Baker et al., 1984]. 
T here are two im portan t issues associated w ith the  near-E arth  X-line model th a t 
are presently  unresolved [.Kan, 1989]. F irst, where does the  near-E arth  X-line 
form  in the  plasm a sheet, and second, w hat is the tim ing of the  n ear-E arth  X-line 
form ation in the substorm  tim e frame? In addition, the n ear-E arth  X-line model 
does not refer much to  the ionospheric signatures of substorm s.
The low -latitude boundary layer model proposes th a t the  substorm  onset 
is caused by the Kelvin-Helmholtz instability  in the  low -latitude boundary  layer 
from  which the substorm  current wedge originates. Figure 2.3 [from Rostoker , 
1987] shows a schem atic d iagram  of the  m apping between th e  m agnetosphere 
and  the  ionosphere, which helps to understand  the  m echanism  of th e  low -latitude 
boundary layer model. According to  the  model, a substorm  s ta rts  w ith an increase 
in energy input from the solar wind, norm ally achieved through a  more southw ard 
orien tation  of the  IM F. This leads to  an  increased circulation in the closed CPS 
(central p lasm a sheet)/L L B L  (low -latitude boundary layer) cells, e ither th rough 
an enhanced merging process in the m agnetospheric tail or th rough  an enhanced 
viscous in teraction . The increased m om entum  shear between the  CPS and  the 
LLBL then  leads to the grow th of the Kelvin-Helmholtz instability  which drives the 
enhanced B irkland current system  and triggers the onset of a substorm . C urrently , 
the low -latitude boundary layer model of substorm s is still in its early qualita tive 
stage, and  has not yet included the ionospheric effects, which probably stabilize
15
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Direction of plasma streaming on open field lines 
Mapping of ionospheric bps to the magnetotail
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Separatrix
Fig. 2.3. M apping of p lasm a convection flows on the  geom agnetic 
equatorial p lane/p lane of the neu tra l sheet [Rostoker, 1987].
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the Kelvin-Helmholtz instability.
The m agnetosphere-ionosphere coupling model pays more a tten tion  to  the 
ionospheric side of the substorm  system , and trea ts  the ionosphere as a  dynam ic 
region, ra ther th an  as a passive load as in the other two models. Recent quan ti­
ta tive developments of the M-I coupling model of the substorm s include the Rice 
convection model on the substorm  tim e scale of 30 m inutes [5piro et al., 1981], 
the local westward-traveling surge model [Rothwell et al., 1984], and the  transient 
response model on the Alfven wave traveling tim e scale of a few m inutes [Kan et 
al., 1988]. A more detailed description of the m ain physical ideas of the M-I cou­
pling model of substorm s is given in section 2.3, in which the  M-I coupling model 
of substorm s on the Alfven wave traveling tim e scale is specifically introduced.
The basic idea of the therm al catastrophe model of substorm s is th a t the sub­
storm  onset is caused by ion heating in the plasm a sheet boundary layer due to  the 
resonant absorption of Alfven waves generated by the solar w ind-m agnetosphere 
interaction. The resonant absorption process requires a  nonuniform  density, which 
exists a t the boundary between the  ta il lobe and the plasm a sheet boundary  layer. 
The surface Alfven waves in  the model are assumed to  be excited by the Kelvin- 
Helm hotz instability  at the magnetopause.
17
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2.3 . B r ie f  R e v ie w  o f  th e  M -I C o u p lin g  M o d e l o f  S u b sto rm  on  th e  
A lfven  W ave T ravelin g  T im e Scale
2 .3 .1 . F ram ew ork  o f  th e  M od el
The framework of the M-I coupling model of substorm s on the Alfven wave 
traveling tim e scale proposed by Kan et al. [1988] is briefly in troduced, laying 
the basis for the  substorm  model to be presented in section 2.4. The model 
proposes th a t the  substorm  onset is directly caused by the ionospheric response 
to an enhanced m agnetospheric convection following a southw ard tu rn ing  of the 
IM F. F irst of all, the model defines a transien t stage of an enhanced M-I coupling, 
which is the  period  between the  southw ard turn ing  of a steady IM F and  the 
m axim um  epoch of the resulting substorm . The transien t stage of an enhanced 
M-I coupling consists of the presubstorm  phase and the  substorm  expansive phase. 
The substorm  onset occurs at the end of the presubstorm  phase, and  the m axim um  
epoch of a substo rm  occurs at the  end of the  expansive phase. The presubstorm  
phase lasts for 30 to  40 min. It consists of two steps: the  first step takes only 
a few m inutes, during which the m agnetospheric convection is enhanced after a 
southw ard tu rn ing  of the IM F. The second step takes approxim ately 30 min before 
the brightening of an  auroral arc, marking the onset of a substorm .
Figure 2.4 is a block diagram  sum m arizing the cause and effect of th e  pro­
posed substo rm  onset process. Following a southw ard turn ing  of the IM F, the 
reconnection on the  dayside m agnetopause will be enhanced. T he enhanced re­
connection launches enhanced antisunw ard convection of open field lines ou t from
18
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Southward Turning of IMF
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 ^ __________________
Magnatospharic Convaction 
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Enhancad M-I Coupling
Substorm Onsat
Fig. 2.4. A block diagram  sum m arizing the  cause and effect of the 
proposed substorm  onset process [A'an et al., 1988].
the  reconnection sites and, a t the same tim e, launches enhanced sunward convec­
tion of closed field lines into the reconnection sites. The tim e scale for establishing 
an enhanced m agnetospheric convection from dayside to nightside is only a  few 
m inutes afte r a southw ard tu rn ing  of the IM F.
An enhanced m agnetospheric convection then  forces the ionospheric convec­
tion to  speed up. A bout 30 min are needed for the ionosphere to  respond fully
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
to  the enhanced m agnetospheric convection. Alfven waves, which axe in itia ted  
by the enhanced m agnetospheric convection, are responsible for tran sm ittin g  the 
inform ation of the enhanced m agnetospheric convection to  the ionosphere during 
the transien t period when the  ionospheric convection, the field-aligned currents, 
and the ionospheric conductance are increasing w ith  tim e. Eventually, a t the  end 
of the transien t period, the enhanced M-I coupling leads to  the onset of the  sub­
storm , which is characterized by a  sudden brightening of the auroral arc near the 
poleward edge of the  diffuse aurora  in the evening-m idnight sector.
Note th a t the  s ta rtin g  point of the proposed substo rm  theory is the  enhanced 
global m agnetospheric convection, which can occur following a  southw ard tu rn ­
ing of the  IM F w ith  or w ithout the form ation of th e  n ear-E arth  X-line in  the 
plasm a sheet. Therefore, the proposed substorm  m echanism  neither depends on 
nor excludes the  form ation of a n ear-E arth  X-line.
2 .3 .2 . M a in  R e su lts
The m agnetosphere is assum ed uniform  and the ionosphere is allowed to  be 
highly nonuniform  and  fully anisotropic in  the M-I coupling m odel of substorm s 
[Kan et al., 1988]. A reflection coefficient is used to  describe the  reflection of the 
outw ard traveling Alfven waves a t m agnetospheric boundaries.
Figure 2.5 shows an exam ple of how an enhanced m agnetospheric convection 
can lead to  th e  onset and the  expansive phase of a substorm . Figure 2.5a shows 
the input m agnetospheric convection which is tu rned  on a t t= 0 . Figures 2 .5b-2 .5f 
show the asym ptotic  steady sta te  of the M-I coupling which is reached after 10
20
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MIN - 4 9 . 2 3  
MAX 4 9  4 2
C O N T O U R  I N T E R V A L S . 0 0  KV
M I N  - 0 9 1  
MAX 0 . 72
C O N T O U R  I N T E R V A L O  0 7  M A / m :
3. 3  a m p  m
C O N T O U R  I N T E R V A L S . 0 0  KV C O N T O U R  I N T E R V A L 2  0 0  M H O C O N T O U R  I N T E R V A L  0 0  E R C  S E C - C M :
Fig. 2.5. The radial dimension measures the latitude and the az­
imuthal dimension measures the magnetic local time. (A ) Enhanced 
magnetospheric convection pattern projected on the ionosphere. (B) 
Field-aligned currents. Dashed contours are constant current den­
sity contours of upward currents, solid contours are for downward 
currents. (C) Ionospheric current vector (including both the Ped­
ersen and the Hall currents). (D ) Convection pattern distorted by 
the nonuniform ionospheric conductance. (E) Hall conductance en­
hanced by the discrete auroral precipitation. (F) Joule dissipation 
(all from Kan et al., 1988).
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bounces (K = 1 0 ),o f the  Alfven waves launched by the  enhanced m agnetospheric 
convection. Each bounce takes 3 to  4 m inutes. T he asym ptotic s ta te  should cor­
respond to  the m axim um  epoch of a substorm . Figure 2.5b shows the  d istribu tion  
of the region 1 and  2 field-aligned currents. The m axim um  upw ard field-aligned 
current is located  around 22 MLT and accom panied by an intense downward cur­
rent on the equatorw ard side. It is im portan t to  note th a t the m axim um  upw ard 
current occurs where the  divergence of the Pederson current and  the divergence 
of the Hall curren t reinforce each other. Figure 2.5c shows the auroral electrojets. 
Figure 2.5d shows the d isto rted  convection p a tte rn  and the  form ation of the Ha- 
rang discontinuity [Heppner , 1977]. Figure 2.5e shows the d istribution  of the Hall 
conductance enhanced by th e  discrete auroral p recip ita tion . Figure 2.5f shows the 
distribu tion  of the  Joule dissipation rate .
Figure 2.6 shows the  relationship between the divergence of the Pederson 
current and the  divergence of the Hall current for the  case considered in Figure
2.5. The dots indicate the  locations where the divergence of the Hall current is 
antiparallel to  the  divergence of the Pederson current; the net field-aligned currents 
at those locations are due to the divergence of the Pederson current. A t the 
locations of circles, the divergence of the Hall curren t is parallel to  the  divergence 
of the  Pederson current; the  net field-aligned currents a t those locations are no 
longer due to  th e  divergence of the Pederson current alone. From these results, 
Kan et al. [1988] concluded th a t the field-aligned currents outside the westward 
traveling surge region are predom inantly  due to  th e  divergence of the Pederson 
current. Inside the westward traveling surge and  the  substorm  onset auroral arc, 
the divergence of the Hall current contributes significantly to  the upw ard field-
22
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Fig. 2.6. Relationship between the  divergence of the Hall current 
and the divergence of the Pedersen current for the case shown in Fig.
2.5. The dots indicate the locations where the  divergence of the Hall 
current is antiparallel to the divergence of the  Pedersen current. At 
the locations of circles, the divergence of the Hall current is parallel 
to  the divergence of the Pedersen current [K an  et al., 1988].
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aligned curren t.
The m ain  results of the M-I coupling model of substorm s on the Alfven wave 
traveling tim e scale [Kan et al., 1988] can be sum m arized as follows: ( 1 ) The 
model shows quan tita tively  th a t an enhanced m agnetospheric convection w ith  or 
w ithout the form ation of the  n ear-E arth  X-line in th e  plasm a sheet can lead to 
auroral substo rm  onset about 40 min after a southw ard turning of the IM F. (2) 
Two necessary conditions for the  substorm  onset are found from the modeling 
results: (a) the  polar cap potential m ust exceed a certain  value (about 70 kV 
in the m odel), depending on the convection p a tte rn  and the d istribu tion  of the 
ionospheric conductance; and  (b) the convection reversal region m ust overlap with 
the polew ard gradien t of the  diffuse auroral conductance in the m idnight sector 
ionosphere. T he m atching ensures th a t the  divergence of the  Pederson curren t is 
coincident w ith  th e  divergence of the Hall current to  maximize the upw ard field- 
aligned curren t near th e  poleward boundary of the  diffuse aurora in the m idnight 
sector for substo rm  onset.
2 .4 . A n  M -I  C o u p lin g  M o d e l o f  S u b sto rm s on  th e  Io n o sp h er ic  
R e c o m b in a tio n  T im e  S ca le
2 .4 .1 . B a sic  M o d e l
W hen the  in terp lane tary  m agnetic field turns southw ard, the  reconnection on 
the dayside m agnetopause will be enhanced. T he enhanced dayside reconnection 
can lead to  enhanced m agnetospheric convection, launching Alfven waves tow ard
24
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the ionosphere. The propagating Alfven waves can carry both  field-aligned cur­
rents and transverse polarization currents. T he relationship between the wave 
electric field and  the curren ts can be derived from  MHD equations.
The ideal MHD equations are
p ^ r  +  p (v  ■ v )v  =  J  x B  — v p  at
g  +  V . ( , V ) >  0
25
(2.1)
E  + V  x B = 0
P p  1 — constant
__ d B
V x E  =  — — 
dt
V x B  =  p„J
where p is the m ass density, V  is the fluid velocity, J  is the current density, B 
is the m agnetic field, P  is the  pressure, E  is the electric field, 7  is the ratio  of 
specific heats, and  p.a is the free space perm eability. T he relationship between the 
fluid velocity V  and the pertu rbed  m agnetic field b  of a  nonlinear Alfven wave is
v  =  7 ^  < 2 -2 >KPoPo) '
where p„ is the  background m ass density, the  plus (m inus) sign is for the propa­
gation an tiparalle l (parallel) to background m agnetic field B„. T he corresponding
l /2phase velocities are V^, =  where =  B 0/ ( p 0p0) . Since b  and V  are
coplanar, the  electric field of an  Alfven wave is
E  =  - V  x B„ (2.3)
Inserting equations (2.2) and (2.3) into the  last equation in (2.1), we obtain  the 
relationship between the  electric field of an  Alfven wave and th e  currents carried
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by the Alfven wave,
J A =  ± E A[-b „ (V  ■ E ) +  (b 0 • V )E] (2.4)
where b 0 =  B <,/B a, =  (/i0 V a ) - 1  is the characteristic  conductance of the
plasm a carrying the  Alfven wave. The first te rm  in equation (2.4) is the field- 
aligned current carried  by Alfven wave, and the second te rm  is the polarization 
current flowing across field lines along the wavefront.
W hen the Alfven wave launched by the enhancem ent of the  m agnetospheric 
convection arrives a t the  ionosphere, the wave field can be partially  reflected from 
the ionosphere because of finite ionospheric conductance. From  equation (2.4),
the field-aligned curren ts carried by the incident and  the reflected Alfven waves
can be w ritten  as
J | | A  =  b 0 £ AV - ( E ‘ - E r ) (2.5)
where E l and E T are the incident and the reflected Alfven wave fields respectively. 
The current continuity  in the  ionosphere can be expressed as
J||» =  V  • (E p E j +  S n b 0 x  E i)  (2.6)
and
E t =  E ‘ +  E r +  E iP
where E i is the  to ta l ionospheric electric field a t th a t m om ent, and  E{p is the 
ionospheric electric field which excludes the incident and the  reflected wave fields, 
and E p  and E h  are the ionospheric Pedersen conductance and  Hall conductance 
respectively.
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By m atch ing ,the  field-aligned currents carried by the incident and the re­
flected waves and the field-aligned currents which exists in front of the wave-front 
of the Alfven waves («/)|£>) w ith the divergence of the  ionospheric curren ts, we ob­
tain  a tim e-dependent equation which describes the reflection of an  Alfven wave 
from the ionosphere.
S AV • [e*(<) -  E r (t)] + J w (t)
= V • [E p ( t)E i(0  +  E „ ( t )b „  X  E»(<)] (2.7)
and
E  i(i)  =  E  ’(*) +  E  r {t) +  E  iP{t)
Inspection of equation (2.7) shows th a t the reflected Alfven waves E r , more 
precisely referred to  as upward propagating Alfven waves, not only originate from 
the reflection of the downward propagating Alfven waves, bu t can also originate 
from a tem poral change of the  ionospheric conductance. The la tte r  can be seen 
clearly if the com ponents of are w ritten  down explicitly, i.e.
•W *) = V • [ s P (t -  A t)E iP (t) + S H(< -  A<)b0 x E ip ( t) ]  (2.8)
The m echanism of a  tem poral change of the ionospheric conductance producing 
an upward propagating Alfven wave can be elucidated as follows. T he tem poral 
change of the ionospheric conductance can lead to  an electric field p ertu rb a tio n  
superposed on the background ionospheric electric field. T he p ertu rbed  electric 
field then leads to  the  p ertu rba tion  of m agnetic field lines, producing the upw ard 
propagating Alfven waves. The significance of the  upw ard p ropagating  Alfven 
waves due to the  tem poral change of the ionospheric conductance in equation
27
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(2.7) is th a t it shows th a t the ionosphere plays an active role in the M -I coupling 
system. The upw ard propagating Alfven waves continuously send u p dated  infor­
m ation about changes in the ionosphere to  the m agnetosphere, thereby modifying 
the dynamics in  the m agnetosphere and keeping the  in teraction between the m ag­
netosphere and the  ionosphere internally  consistent. This is an im portan t feature 
of this new m odel which is different from  most of the  o ther M-I coupling models.
On the m agnetospheric side, a  reflection coefficient is used to  describe the 
reflection of the outw ard traveling Alfven waves a t the  m agnetospheric boundaries, 
which can be expressed as
J?m =  —1 on open field lines (2.9a)
— 1 <  R m <  1 on closed field lines (2.96)
It may be noted th a t Rm  =  — 1 corresponds to  an idealized constant voltage source 
whih- Rm — 1 corresponds to  a constant current source. The value of R m on closed 
field lines can be expected to  increase from slightly greater than  - 1  towards + 1  
as one moves from  the  d istan t ta il or the  low -latitude boundary layer tow ard the 
inner edge of the  plasm a sheet.
The physics governing the  reflection of outw ard traveling Alfven waves a t the 
m agnetospheric boundary has been briefly sum m arized by Kan et al. [1988]. On 
open field lines the solar wind inertia  is sufficiently large so th a t the E  x B  flow 
of the solar w ind is more or less unaffected by the loading of the incident Alfven 
wave at the  m agnetopause. This means th a t the  electric field on open field lines 
at the m agnetopause is kept more or less constant by the  solar w ind, which can 
be transla ted  into the condition th a t the electric field of the reflected wave must
28
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
more or less cancel the incident wave field, i.e., the reflection coefficient on open 
field lines a t m agnetopause is given by Rm  =  -1 . The situation  on closed field 
lines is quite different. The inertia  of the E  x B  convection in the plasm a sheet 
is very lim ited, therefore the incident Alfven wave can be expected to  modify the 
electric field in th e  plasm a sheet on closed field lines. If the inertia  in the plasm a 
sheet is sufficiently small, an Alfven wave incident on the p lasm a sheet will be 
transm itted  alm ost w ithout reflection. Consider a pair of identical bu t oppositely 
propagating Alfven waves incident on the p lasm a sheet simultaneously. They will 
be fully tran sm itted  in this case. By regarding the tran sm itted  waves as if they 
were reflected, we find the  equivalent reflection coefficient R m — +1* On the  o ther 
hand, if the ine rtia  in the plasm a sheet is sufficiently large, such as in the  low- 
la titude boundary  layer, R m may be som ew hat less th an  + 1 , bu t larger th a n  -1 . 
For a more detailed discussion of the physics governing the  reflection coefficient 
R m, the reader is referred to Kan and Sun  [1985].
The finite ionospheric recom bination tim e scale is included by using a time- 
dependent continuity  equation to  describe the  ionization in the ionosphere. This 
is different from  Kan et al. ’s [1988] model in which the ionospheric recom bination 
time is set to  zero, since they are mainly concerned w ith the  auroral development 
on the Alfven wave traveling tim e scale which is much larger th an  the ionospheric 
recom bination tim e. U nder the assum ption th a t the  discrete aurora  is produced 
exclusively by th e  upw ard field-aligned currents which are carried by energetic 
precipitating electrons, the electron continuity equation in the  ionosphere can be 
w ritten as
? E  +  v . ( A V )  =  ^ l £ i ! +  l^ d  + S o - 0 N 2 (2.10)
at e ex/
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where N  is the electron num ber density in  the ionosphere, Q is the ionization 
coefficient which is defined la te r in th is section, H  is the effective height of the 
conducting ionosphere, (3 is the  recom bination coefficient, and S a is the source 
term  during quiet tim e which can be determ ined by the  quiet-tim e convection 
and the quiet-tim e ionospheric conductance, i.e.,
S 0 = V  - ( N oy o) + /3 N ^  (2.11)
Note th a t as long as the  auroral electron energy is 1 keV or m ore, the m agnitude 
of the first te rm  on the  right side of equation (2 .1 0 ) is a t least one order greater 
than  th a t of the  second te rm  on the right side. Therefore, the second term  on the 
right side of equation  (2 .1 0 ) will be dropped for simplicity.
From the definition of th e  Hall conductivity, the  height-in tegrated  Hall con­
ductivity in the E  layer of th e  ionosphere can be approxim ated  by
S h  =  ~  (2.12)
By using equation (2.12), and assum ing th a t the ratio  R  =  E f / / E p  is independent 
of the energy of the p recip ita ting  electrons, equation (2 .1 0 ) can be rew ritten  as
30
• ( E p E j  +  E f/bo  x E j)
dt B 0
e #  r- 2 b „  X  E i
+  + b T
The ionization coefficient Q is defined as 
Q = 0 J|| downward or |J ||| <  J a
Q  =  Qo  «^ || upw ard and V • E ; >  0  and |J ||| >  J 0
(2.14)
Q —  ( |»/^ jj j J0) t |^| upw ard and  V  * ^  0 and J o  <  \ J\\ \ < Jc
Q =  7 ' ( J c — J a) J\\ upw ard and V • E  x < 0  and  |J || | >  J c
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where Qa is a constan t which depends on th e  energy of diffuse auroral precipita­
tion, y '  is a param eter w hich depends on th e  — <f>\\ relationship  [Fridman and 
Lemaire, 1980], J a is the  therm al electron current in the loss cone, and  J c is an 
equivalent sa tu ra tion  curren t for th e  upper limit of available electron energy flux. 
The ionization coefficient Q is defined as the average num ber of ions produced 
by an incident electron per m eter, which is proportional to  th e  energy of th e  pre­
cipitating electrons. Since the  enhancem ent of ionospheric conductance during a  
substorm  is assum ed to  be caused exclusively by the p recip ita ting  electrons, Q 
should be zero in th e  regions where the field-aligned currents are downward. In 
the regions where J\\ is upw ard, and  V • E j >  0, the po ten tial drop structu res do 
not exist along m agnetic field lines [Lyons, 1980]. Therefore th e  precipita tion in 
these regions is th e  diffuse auroral p recipita tion, and  we assum e Q  to  be constant, 
depending on the  electron energy in the  plasm a sheet. In the  region of discrete 
auroral p recip ita tion , Knight  [1973] and  Fridman and Lemaire [1980] showed th a t 
the upw ard field-aligned curren t density J|| depends linearly on the  po ten tial drop 
<f>|| along m agnetic field lines. Therefore the  energy of p recip ita ting  electrons can 
be assum ed to be linearly  proportional to  th e  upward field-aligned current density 
in the discrete au ro ra  regions as shown in equation (2.14).
The equations (2.7), (2.9), (2.11), (2.13), and (2.14) form  the basic equations 
of the present M-I coupling m odel of substorm s. The tem poral evolution of Alfven 
waves, of the field-aligned currents, of the  ionospheric convection, and  of the 
ionospheric conductance can be obta ined  by solving these equations numerically.
31
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2 .4 .2 . N u m e r ica l Schem e
The basic assum ptions of the model can be sum m arized as follows. (1) The 
ionospheric conductance is assumed to  be height-integrated, nonuniform , and 
anisotropic (including both  Hall and 'P edersen  conductances). (2) T he  m agne- 
tospheric p lasm a is assum ed to be uniform , and th e  Alfven wave traveling tim e 
between the  m agnetospheric source regions and the ionosphere is assum ed to  be 
constant. (3) The m agnetospheric dynam ics are trea ted  by th e  reflection coef­
ficient R m which is a function of la titude  and longitude, depending on w hether 
the field lines are open or closed. (4) The discrete aurora is m ainly p roduced  by 
the upward field-aligned current carried by energetic precip ita ting  electrons. (5 ) 
The ratio  between the Hall conductance and  the Pedersen conductance is assum ed 
independent of the energy of the precipita ting electrons.
The ionosphere in our sim ulation is modeled by com putational grids on a 
polar coordinate system  or, equivalently, the cylindrical coordinate system  sliced 
at z ~  0. T he radial dimension m easures the la titu d e  from  50° to  90°. The 
azim uthal dim ension measures the longitude. The grid size is 1° in la titu d e  and 
7.5° in longitude. The th ird  dimension along the m agnetic field lines is a  pseudo­
dimension which merely serves to provide the tim e scale. T he m agnetosphere 
is also simplified as a plane which is the  source region of the  initial enhanced 
m agnetospheric convection and is used only for trea ting  the  reflection of the  Alfven 
waves on the m agnetospheric side.
The num erical procedure of the model is as follows. (1) F irst, the  in itia l 
enhanced m agnetospheric convection, the quiet-tim e ionospheric convection, the
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ionospheric conductance prior to the substorm  and the reflection coefficient are 
given. (2) The ionization source te rm  in the  ionosphere during quiet-tim e is de­
term ined by equation  (2.11). (3) The upw ard propagating wave field from  the 
ionosphere is determ ined by the num erical solution of equation (2.7). (4) Next 
we calculate th e  to ta l ionospheric electric field, the  field-aligned current and  the 
horizontal ionospheric current a t th a t m om ent. (5) The reflected wave from the 
m agnetosphere can be determ ined by equation (2-9), which contains a  tim e delay 
depending on the Alfven wave traveling tim e. T he reflected wave from the m ag­
netosphere will be used as the  incident wave for the  ionosphere in the la te  tim e 
steps. (6 ) At th e  same tim e, the conductance in th e  ionosphere grows because of 
the enhanced upw ard field-aligned currents carried by the previous Alfven waves. 
The tim e scale of this ionization process is on the order of th e  recom bination 
tim e scale. T he enhancem ent of th e  ionospheric conductance is determ ined by 
equation (2.13). (7) Next we go back to  equation  (2.7) to  determ ine the  upw ard 
propagating Alfven waves of the next tim e step. Note th a t even though there 
is no incident wave from the m agnetosphere, the upw ard propagating waves are 
not necessarily equal to  zero, because the ionospheric conductance keeps changing 
and so can launch upw ard propagating Alfven waves. Because of finite conduc­
tance in the ionosphere, the  Alfven waves which bounce between the ionosphere 
and the m agnetosphere eventually will be dam ped and  the whole M-I system  will 
approach a  steady  sta te . R epetition  of steps (3) to  (7) gives the tim e variation of 
the ionospheric convection, the field-aligned curren t, the ionospheric conductance, 
the in tegrated  horizontal curren t, and  the Joule heating rate .
Figure 2.7 shows the input param eters of the  present model. F igure 2.7a
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shows the  inpu t enhanced m agnetospheric convection projected on the ionosphere, 
which is driven by an enhanced reconnection a t the  dayside m agnetopause. Fig­
ure 2 .7b shows the d istribu tion  of ionospheric conductance prior to  the substorm , 
consisting of the  solar conductance and the diffuse auroral conductance. Fig­
ure 2.7c shows contours of the m agnetospheric reflection coefficient, and  Fig­
ure 2.7d shows th e  d istribu tion  of the m agnetospheric reflection coefficient along 
the noon-m idnight m eridian. In contrast to  the  assum ption of zero quiet-tim e 
convection in the  previous M-I coupling model of substorm s [Kan et al., 1988], 
the quiet-tim e ionospheric convection in the present model is assumed to have 
the sam e p a tte rn  as the enhanced m agnetospheric convection shown in Figure 
la , except for a  smaller polar cap potential drop (20 kV). O ther model p a­
ram eters are as follows: therm al electron current J a = 0.08 /zA m - 2 , equiva­
lent sa tu ra tion  current J c = 0.8 /zA m - 2 , constan t ionization coefficient Q a — 
7 x l 0 ~ 3 ions per electron per m eter, coefficient 7 ' =  1 x lO 4 (ions m )/(e lec tron  A) 
[Rees, 1963; Fridman and Lemaire, 1980], and  recom bination coefficient f3 = 
0.9 x 10 - 1 3  m 3 s _ 1  [Walls and Dunn, 1974]. T he ratio  between the Hall con­
ductance and the  Perderson conductance R  =  1.5. In reality, the value of R  varies 
with the energy of the precip itating  electrons, therefore the  adoption of a constant 
R  in the present model is a  first approxim ation and  can be removed in fu ther im ­
provement of the model. The tim e step is 5 s and the Alfven wave traveling tim e 
between m agnetosphere and ionosphere is assum ed to be 4 min. We set t = 0 when 
the enhanced convection carried by Alfven waves first arrives in the ionosphere. 
The input param eters are kept constant unless otherw ise noted.
34
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Fig. 2.7. Input param eters for th e  model. (A) Input enhanced 
m agnetospheric convection. (B) Background ionospheric Hall con­
ductance prior to  the enhancem ent of m agnetospheric convection. 
(C) C ontours of m agnetospheric reflection coefficient. (D) D istribu ­
tion of th e  reflection coefficient along the noon-m idnight m eridian.
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2 .4 .3 . G lob a l F eatu res o f  S u b sto rm s from  th e  M od elin g
The global features of substorm s resulting from the present M-I coupling 
model are presented in this section. F igure 2.8 shows the outpu t of the present 
model at t =  36 min. Figure 2.8a shows the d istorted  ionospheric convection 
pattern . Note the H arang discontinuity [Heppner , 1977] which has formed in the 
evening-midnight sector. Figure 2.8b shows the d istribution of the ionospheric Hall 
conductance enhanced by the discrete auroral precipitation. Figure 2.8c shows the 
ionospheric horizontal currents in which the  westward electro je t and the eastw ard 
electrojet can be easily identified. F igure 2.8<f shows the  distribution of the Joule 
dissipation rate.
Figure 2.9 shows snapshots of th e  tem poral evolution of the field-aligned 
currents. The dashed lines represent the upward field-aligned currents, and  the 
solid lines represent downward field-aligned currents. The intense upward field- 
aligned current is known to cause a po ten tia l drop in the kilovolt range along 
magnetic field lines [Knight , 1973; Lyons et al., 1979]. The precipitating electrons 
are accelerated through the potential drop, and cause the ionization and auroral 
brightening in the E  region of the ionosphere. In this connection, the brightening 
of the discrete aurora is equivalent to  th e  intensification of upward field-aligned 
currents when th e  intensity  of the upw ard field-aligned current exceeds a  certain  
value. In the following, our analysis and  discussion will exploit this conceptual 
equivalence.
The tem poral evolution of the  discrete aurora shown in Figure 2.9 can be sum ­
marized as follows. At t =  4 min (i.e., 6  min after the enhanced m agnetospheric
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Fig. 2.8. O u tpu t of the model a t t =  36 min. (A) Ionospheric 
convection p a tte rn . (B) D istribu tion  of the  enhanced ionospheric 
conductance. (C) Ionospheric horizontal currents. (D) D istribution 
of th e  Joule dissipation rate .
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Fig. 2.9. Snapshots of the tem poral evolution of th e  field-aligned 
currents.
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convection is tu rned  on), there is no substantial development of the  discrete au­
rora. However, during the  period from 4 to 12 min, there is a noticeable increase 
in the in tensity  of the discrete aurora in the evening-m idnight sector. Note th a t 
at the sam e tim e, the  region of discrete aurora expands not only poleward and 
westward, bu t also eastw ard. This feature has been observed by the Viking UV 
im ager [Anger et al., 1987; Shepherd et al., 1987] and has aroused strong interest 
[Rostoker et al., 1987]. D uring the period from  12 to  20 min, a further intensifica­
tion of the discrete aurora  can be seen, and local structu res of the  discrete aurora 
begin to  appear. Finally, the substorm  onset occurs during the period from 20 to 
28 min, which is characterized by a sudden brightening of the  discrete aurora  near 
the polew ard boundary  of the diffuse aurora in the prem idnight sector. Note th a t 
in Figure 2.9<f, there is a  small scale downward field-aligned current em bedded in 
the intensified large scale upw ard field-aligned currents. This feature is also found 
in the previous m odel [Kan et al., 1988]. An apparen t westward m otion of the 
discrete au ro ra  can be seen from  Figure 2.9e after the  onset of the  substorm . This 
kind of w estw ard m otion of the  intensified discrete aurora can be in terp reted  as 
the westward traveling surge. The westward traveling surge moves w ith an initial 
velocity around 2 km  s - 1  which is consistent w ith the observations [Akasofu, 1968], 
and th en  gradually  slows down and becomes dim m er. Following passage of the 
surge, several localized auroral arcs rem ain along the  auroral oval, and the most 
active auroral region shifts from prem idnight towards the evening sector. O bser­
vational resu lts from the D E - 1  satellite for the westward traveling surge [Craven 
et al., 1989] confirm the predicted features of the westward traveling surge in our 
model. A nother feature which we can see from Figure 2.9 is the  highly localized
39
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
structures of the discrete au ro ra  along the auroral oval in the evening-midnight 
sector. This feature has been observed in Viking im ager d a ta  [Anger et al., 1987; 
Marklund et al., 1987]. Furtherm ore, it is found th a t the  location of the  substorm  
onset and the transien t tim e prior to  the  substorm  onset in the present model are 
almost the same as those in  the  previous M-I coupling model of substorm s [Kan 
et al., 1988]. This indicates th a t the ionospheric recom bination scale does not 
significantly influence the onset of the substorm , bu t it does influence the auroral 
signatures of the substorm  as shown in the above.
Figure 2.10 shows the snapshots of the enhancem ent of the  ionospheric con­
ductance. At t =  4min, there  is no substan tial enhancem ent of the ionospheric 
conductance. Later, we can see th a t the  conductance along the  poleward bound­
ary of the diffuse au ro ra  in the  prem idnight sector is gradually enhanced and  th a t
many structures develop.
2 .4 .4 . H ig h ly  L o ca lized  S tru ctu res  o f  D isc r e te  A u ro ra
One of the  interesting features in Figure 2.9 is the  appearance of the  highly 
localized structu res of the discrete aurora. In th is section, a  physical explanation 
for this feature is provided, and  comparison is m ade to  the  results of th e  M-I 
coupling model of substorm s on the Alfven wave traveling tim e scale [Kan et al., 
1988].
In the previous substorm  model [Kan et al., 1988], the ionization at different 
locations in the  ionosphere is intensified with a  single characteristic  tim e scale, i.e., 
the Alfven wave traveling tim e scale. In  the present model, since we have included
40
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the ionospheric recom bination tim e scale by using the tim e-dependent continuity 
equation, the ionization in the  ionosphere is intensified w ith two characteristic  
tim e scales, i.e., the Alfven wave traveling tim e scale and the  recom bination tim e 
scale. Note th a t the  la tte r  depends on th e  fluxes and energies of precip ita ting  
electron populations an d  therefore is re la ted  to  the in tensity  of the field-aligned 
currents. A field-aligned curren t which is associated w ith  precipita ting electrons 
of higher energy leads to  a  sho rte r recom bination tim e. In  o ther w ords, the  iono­
spheric conductance in  a  region w ith a stronger field-aligned current is enhanced 
more rapidly and  becom es sa tu ra ted  in a  shorter tim e com pared to  the  conduc­
tance in a region w ith  a  weaker field-aligned current? Because the in tensity  of 
local field-aligned curren t changes continuously w ith tim e, the  local conductance 
enhancem ent is not a  simple ionization process associated w ith a  steady  precip­
ita ting  electron flux. Before th e  conductance becomes sa tu ra ted , which takes 15 
to 30 s, the enhancem ent of the  conductance can be accelerated by a newly a r­
rived wave front which increases the  to ta l p recipita ting electron flux. In th is way, 
the to ta l enhancem ent of th e  ionospheric conductance associated w ith a stronger 
field-aligned curren t during an  Alfven wave traveling tim e period should be much 
greater than  th a t associated w ith  a  weaker field-aligned current during th e  same 
period, since the  slope of th e  form er is always larger th an  th a t of the  la tte r . The 
greatly enhanced conductance then  allows more field-aligned current to  flow into 
the ionosphere (such a m essage is sent to  the m agnetosphere by the upw ard propa­
gating Alfven waves caused by th e  change of the  conductance), leading to  a fu rther 
enhancem ent of the  ionospheric conductance in th a t region.
Based on the above argum ent, it is proposed th a t the  highly localized struc­
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tures of the discrete aurora are produced by positive feedback in teractions between 
field-aligned currents and the  nonuniform , anisotropic ionospheric conductance as­
sociated w ith local recom bination time scales. The process can be sum m arized 
as follows. The nonuniform ity of field-aligned currents leads to  different recombi­
nation tim e scales a t different locations in the ionosphere. T he varying rates of 
ionization then  increase the nonuniform ity of the  ionospheric conductance, which 
in tu rn  leads to  a  further nonuniform ity of field-aligned currents. Eventually, this 
highly nonuniform  p a tte rn  of field-aligned current leads to  the  highly localized 
brightness structu res of the discrete aurora.
2 .4 .5 . M o tio n  o f  th e  W estw ard  T ravelin g  Surge
A nother interesting feature in the model results shown in subsection 2.4.3 is 
an apparen t westward m otion of the discrete aurora, which can be in terpreted  as 
the westward traveling surge. In this subsection, we propose a m echanism  for the 
motion of the westward traveling surge based on the  results of the present model 
and the previous M-I coupling model [Kan et al., 1988].
One of the necessary conditions for substorm  onset shown in th e  previous 
substorm  model [Kan et al., 1988] is th a t the convection reversal region must 
overlap w ith the  conductance gradient a t the poleward edge of the diffuse aurora. 
This m atching ensures th a t the  divergence of the  Pederson current is coincident 
with the divergence of the Hall current, in order to  maximize the  upw ard field- 
aligned current. In fact, th is physical argum ent will now be extended to  explain 
the m otion of the westward traveling surge. Figure 2 . 1 1  is a  schem atic d iagram  in
43
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which the d o tted .a rea  represents the  convection reversal region, and the shaded 
area represents the conductance gradient a t the  poleward edge of the diffuse au­
rora. A ccording to  the  previous argum ent, th e  upw ard field-aligned currents can 
be intensified in the  overlapping area, which in tu rn  leads to  the enhancem ent 
of the ionospheric conductance. The enhanced conductance in this area expands 
the conductance gradient boundary w estw ard, poleward, and  eastw ard, as shown 
by the dashed line labelled A in Figure 2.11. Obviously, on the  eastern  edge of 
the expanded conductance region, the  overlapping condition is no longer satis­
fied. Therefore, there  will be no fu rther intensification of the upw ard field-aligned 
current around th a t region, and the discrete au ro ra  cannot go fu rther eastw ard. 
But on the  w estern edge of the expanded conductance region, the conductance 
gradient still overlaps w ith the convection reversal region. Therefore a  fu rther 
intensification of the  upw ard field-aligned current can be expected. The in tensi­
fied upw ard field-aligned current leads to  a  fu rth er enhancem ent of conductance, 
which in tu rn  will push the conductance gradien t boundary fu rther westward as 
shown by the dashed line labelled B. In  th is way, the intensified discrete aurora 
moves w estward one step at a  tim e, form ing the  westw ard traveling surge. Since 
the spatial separation  between the  convection reversal region and the  poleward 
gradient of the  diffuse aurora  increases and  the diffuse auroral conductance be­
comes weaker as the  westward traveling surge is moving tow ard the evening sector, 
the surge will slow down and gradually dim .
According to  this p icture, the appearance of the feature of the westward 
traveling surge in the  present model can be explained as follows. In the previous 
model, the quiet-tim e convection is assum ed to  be zero. The anisotropic reflection
11
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Fig. 2 .1 1 . Schem atic diagram for explaining the m otion of the west­
ward traveling surge. The numbers in the figure represent the m ag­
netic local times.
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of Alfven waves leads to  the  distortion of the convection p a tte rn  in the evening- 
m idnight sector. The d isto rted  convection confines a relatively small region near 
m idnight in which the overlapping condition can be satisfied. For this reason, 
the previous model showed substorm  onset, but did not show an apparent m otion 
of the westward traveling surge. In the  present model, th e  quiet-tim e convection 
is not zero, and  the quie t-tim e convection reversal region is coincident w ith the 
conductance gradient a t th e  polew ard edge of the diffuse aurora. Since the qu ie t­
tim e convection is not associated w ith the Alfven waves launched by the enhanced 
m agnetospheric convection and will no t be distorted  by the  anisotropic reflection 
of Alfven waves, the to ta l ionospheric convection in the  present m odel is, there­
fore, less d is to rted  th a n  th a t in the previous model [Kan et al., 1988]. The less 
d istorted  ionospheric convection leads to an elongated region along the auroral 
oval in the  evening-m idnight sector in which the  overlapping condition can be sa t­
isfied during substorm s. A bright discrete aurora can occur and move westward 
in this elongated region, which forms the westward traveling surge as shown in 
Figure 2.9. K an  and Sun  [1985] conducted a num erical m odeling of the westward 
traveling surge based on the M-I coupling process. Because the ir model used an 
oversimplified input and  excluded the quiet-tim e convection, discrete aurora is 
enhanced in the  evening sector instead  of the m idnight sector. The features of the 
westward traveling surge in their results are not satisfactorily  consistent w ith the 
observed ones. Rothwell et al. [1984] proposed a  local westw ard traveling surge 
model to  study the p ropagation  of the westward traveling surge. By using the 
assum ptions of uniform  conductance between poleward and  equatorw ard bound­
aries and  of horizontal currents being closed by field-aligned curren ts only a t the
46
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boundaries, they  found th a t the m otion of the westward traveling surge was a 
constant m otion associated w ith  precipita ting electrons on the same energy level. 
This is in con trast to  our results in which the m otion of th e  westward traveling 
surge is a m otion w ith a  decreasing speed and is associated w ith precipitating 
electrons over a  wide energy range.
Figure 2.12 shows the  case in which the polar cap potential drop of the  quiet­
tim e convection is 6  kV instead  of 20 kV (the case shown in Figure 2.8 and  Figure 
2.9). In this case, the westward traveling surge does not move as far west as in 
the previous case, and also the speed is slower. This result, com bining w ith the 
previous argum ent, suggests th a t if the  reversal region of the quiet-tim e convection 
is coincident w ith the conductance gradient a t the  poleward edge of the  diffuse 
aurora, a  larger quiet-tim e polar cap potential drop leads to  a  higher speed of the 
westward traveling surge.
Based on Viking im ager d a ta , Anger et al. [1987] found th a t auroral brighten­
ing does not exclusively occur in the prem idnight sector and Rostoker et al. [1987] 
found th a t th e  discrete aurora also expands eastw ard. According to  th e  physical 
argum ent for th e  necessary conditions for the substorm  onset presented by Kan  
et al. [1988] and the physical explanations of the m otion of the westw ard travel­
ing surge discussed in th is subsection, these auroral features can be expected in 
modeling by shifting the  relative positions of the reversal region of the convection 
pa tte rn  and the conductance gradient a t the poleward edge of the diffuse aurora.
47
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Fig. 2.12. O u tp u t of the  case in which the  polar cap po ten tia l drop 
of the quiet-tim e convection is 6  kV.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4 9
2 .4 .6 . S a tu ra tio n  o f  th e  P o la r  C ap  P o te n tia l
Weimer et al. [1990] exam ined the dependence of the auroral electrojet index 
AE on the large north-south  com ponent (B z) of the IM F, and found th a t the 
AE index tends to  sa tu ra te  for large southw ard IM F, namely, B z <  —15 nT . 
They suggested th a t the  sa tu ra tion  of the  AE index is directly related  to  the 
sa tu ration  of the  polar cap po ten tial which originates from the nonlinearity of the 
m agnetosphere-ionosphere coupling processes.
As an  integral p art of th a t work [Weimer et al., 1990], the possibility of the 
sa tu ra tion  of the  polar cap po ten tia l in a M-I coupling system  was exam ined by 
using the M-I coupling model of substorm s on the  Alfven wave tim e scale [Kan et 
al., 1988]. Figure 2.13 shows the results of the M-I coupling model in which the 
polar cap po ten tial $ pc is calculated as a function of the input m agnetospheric 
potential The p a tte rn  of th e  m agnetospheric po tential $ mR is identical
w ith the initial enhanced m agnetospheric convection in Section 2.3, and  the 
polar cap potential <i>pc is the asym ptotic po ten tia l drop across the polar cap after 
the M-I coupling process approaches a steady  sta te . Each curve is ob ta ined  for 
a given d istribu tion  of the diffuse auroral conductance characterized by its peak 
value E m ar. As the input po ten tia l increases, the polar cap potential $ pc
tends to  sa tu ra te . The higher the diffuse auroral conductance ( as indicated by its 
m axim um  value £ mar) ,  th e  lower th e  sa tu ra tio n  level of the  polar cap po ten tial, as 
can be seen in Figure 2.13. There is a clear indication of the nonlinear sa tu ration  
above =  70 kV.
These results show th a t the  polar cap po ten tia l 4?pc, in response to the inpu t
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O
IMPOSED POLAR CAP POTENTIAL DROP (KV)
Fig. 2.13. Dependence of the polar cap po ten tial drop $ pc on the in­
put m agnetospheric po ten tial $ mR im posed by reconnection on the 
dayside m agnetopause. Each curve is for a given G aussian d istri­
bu tion  of the diffuse auroral conductance characterized by its m ax­
im um  value E maz. The m axim um  diffuse auroral conductance for 
the th ree  curves are (A) £ mai =  7.5 mho, (B) E mar =  15 mho, (C) 
Ema* =  22.5 mho.
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potential 3>mR im posed by reconnection on the dayside m agnetopause, tends to  
sa tu rate  for large values of $ mR. This is equivalent to  overloading a dynam o, 
causing the  dynam o o u tpu t voltage to fall below its ra ted  value. The overloading 
in the M-I coupling system  can occur if the conductance in the ionosphere increases 
with increasing inpu t potential.
2 .5 . S u m m a ry
This chap ter presents a m agnetosphere-ionosphere coupling model of sub­
storm s on the  ionospheric recom bination tim e scale. This is an extension of the 
M-I coupling m odel of substorm s on the Alfven wave traveling tim e scale [ATan et 
al., 1988]. T he m ajor contribution of the present model is the inclusion of the finite 
ionospheric recom bination tim e scale in the M-I coupling processes. The global 
features of m agnetospheric substorm s obtained from the  present model have been 
shown in the previous sections. The m ain results are sum m arized as follows.
1. H ighly localized discrete auroral structu res align along the  poleward 
boundary of the  diffuse aurora in the evening-m idnight sector. Such localized 
features were observed in the Viking im ager da ta . In our model, the localized 
bright featu res of discrete aurora are produced by the  positive feedback in ter­
actions betw een the  field-aligned currents and  the nonuniform  and anisotropic 
ionospheric conductance associated w ith local recom bination tim e scales.
2. T he bright discrete auroral arc near m idnight suddenly s ta rts  moving 
westward when the auroral brightness increases to  a certain  level. The moving 
discrete au ro ra  has an in itia l velocity of around 2  km  s - 1  but gradually slows
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down and dims. This feature can be in terp reted  as the  westward traveling surge. 
Following passage of the surge, several localized auroral arcs rem ain along the 
auroral oval, and  the  m ost active auroral region shifts from  prem idnight tow ard 
the evening sector.
3. If the  reversal region of the quiet-tim e convection p a tte rn  overlaps w ith 
the conductance gradient a t the poleward edge of the diffuse aurora, a stronger 
quiet-tim e convection leads to  a higher speed w estw ard traveling surge during 
substorms.
4. The physical argum ent for one of the necessary conditions for substorm  
onset (i.e., when the convection reversal region overlaps w ith  the conductance gra­
dient at the polew ard edge of the diffuse aurora, th e  upw ard field-aligned current 
is maximized) presented by Kan et al. [1988] is ex tended  to  explain the m otion 
of the westward traveling surge.
5. The polar cap po ten tia l $ pc, in response to  the enhanced m agnetospheric 
potential im posed by reconnection on the dayside m agnetopause, tends to 
sa tu rate  for large values of $ mR. The higher the  diffuse auroral conductance, the 
lower the sa tu ra tion  level of the polar cap poten tial.
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C h a p ter  3 E ffects  o f  M -I C o u p lin g  on  th e  H ig h -L a titu d e  C o n v e c­
tion s D u rin g  N o rth w a rd  IM F
3.1 . In tr o d u c tio n
In com parison to the physical processes in the m agnetosphere-ionosphere sys­
tem during southw ard IM F, the situation  during northw ard IM F has received less 
study and is less well understood. T here still exists a great am ount of uncertain ty  
on many basic topics associated w ith northw ard IM F, and  one of them  is the 
high-latitude convection pa tte rn .
Since Heppner and Maynard  [1987] published th e  w rapped two-cell convection 
patterns based on DE-2 electric field d a ta , the four-cell versus w rapped two-cell 
convection p a tte rn s  during a northw ard IM F has become a controversial issue. 
Reconnection betw een northw ard IM F and the  open field lines poleward of the 
cusp region can produce sunw ard convection between the two convection cells in 
the polar cap [Russell, 1972; Maezawa,  1976; Burch et al., 1985; Kan and Burke,  
1985]. Com bining the  two cells inside the  polar cap due to  the  reconnection w ith 
the two cells outside the polar cap due to  the viscous in teraction  in th e  low la titu d e  
boundary layer, one obta ins the  four-cell convection p a tte rn  im posed on th e  m ag­
netosphere by the  solar w ind. O bservational support for the four-cell convection 
pattern  is principally the sunw ard convection across the centred polar cap observed 
by the S3-2, as shown in Figure 3.1 [from Burke et al, 1979], and  M AGSAT satel­
lites [Jijtmo et al, 1984], and  by ground m agnetom eters [Maezawa, 1976]. I t has 
been shown in th e  previous chapter th a t the  ionosphere can significantly d isto rt
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5 4
Fig. 3.1. Dawn-dusk component of the convective electric field m ea­
sured over southern  polar cap by S3-2. T he bo ttom  picture ex trap ­
olates convection to  all local time [Burke et al., 1979].
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the im posed m agnetospheric convection pattern . The resulting convection p a tte rn  
can be very different from the pa tte rn  imposed by the solar wind.
The orbits of the DE-2 satellite cover a much wider range of m agnetic local 
time than  either the S3-2 or MAGSAT satellites, and its d a ta  are more suited 
to study the flow p a tte rn  in the dayside region. From DE-2 electric field da ta , 
strong east-west flows were found in the dayside region, as shown in Figure 3.2 
[from Heppner and Maynard, 1987], which is in contrast w ith  the observed features 
in four-cell convection patterns. Crooker [1988] made the first a ttem p t to give 
a theoretical explanation for the empirical two-cell model and found th a t during 
periods of northw ard IM F, m agnetic merging between the IM F and  the  closed field 
lines on the dayside m agnetopause can produce a  pair of m erging cells confined to 
the polar cap, which feature is sim ilar to  the em pirical d isto rted  two-cell patterns. 
But Crooker [1988] also found th a t while try ing to add the  convection cells due to 
the viscous interactions in the low -latitude boundary layer to  the  m odel, questions 
remain about how the viscous cells would separate from the merging cells in the 
polar cap. Heelis (private com m unication, 1987) pointed out th a t  the  w rapped 
two-cell convection p a tte rn  probably comes from the d istortion  of the  four-cell 
convection pa tte rn .
In th is chapter, the  M-I coupling model in troduced in  chapter 2 is extended to 
northw ard IM F conditions, and high-latitude convection during northw ard  IM F is 
studied in term s of the M-I coupling processes. It will be quan tita tively  shown th a t 
although the reconnection processes during northw ard IM F can im pose a four-cell 
convection p a tte rn  on the m agnetosphere, th e  M-I coupling processes can d isto rt 
the four-cell convection p a tte rn  [Russell, 1972; Maezawa, 1976; K an  and Burke,
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Fig. 3.2. C haracteristic  convection p a tte rn  observed when IM F B z 
is strongly positive and B y is negative [H tp p n tr  and Maynard, 19S7].
1985] into a w rapped  tw o-cell convection pattern  [H tp p n tr  and Maynard , 1987].
In the follow ing, section 3.2 gives a brief description  o f  the physical consider­
ations and the m odification  o f  the m athem atical form ulation for the M -I coupling 
m odel during northward IM F. The m odel inputs and the resulting global convec­
tion patterns and distribution  o f field-aligned current are also given in section 3.2.
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Section 3.3 sum m arizes the m ain results and  discusses the predictions and  the 
applicability of th e  model.
3 .2 . R e la t io n sh ip  B e tw e e n  F ou r-C ell an d  D is to r te d  T w o -C e ll C o n ­
v ec tio n  P a tte r n s  D u r in g  N o rth w a rd  IM F
3 .2 .1 . M -I  C o u p lin g  M o d e l D u r in g  N o rth w a rd  IM F
The M-I coupling model in chapter 2 is ex tended  to  northw ard  IM F conditions 
in order to  s tudy  the relationship betw een four-cell and  w rapped two-cell convec­
tion p a tte rn s . The initial m agnetospheric convection im posed by th e  solar wind 
in the present model is four-celled, which m ay or m ay not include the effect due to  
a y-com ponent of the IM F. Note th a t the em phasis of th is research is to s tudy  the 
M-I coupling effects on the h igh-latitude convection p a tte rn s  during northw ard 
IMF and not to  address the  details of the  origin of the m agnetospheric convection 
im posed by the  solar wind. Therefore, the  in itia l m agnetospheric convection used 
in the model are chosen to  be as simple as realistically possible.
The extension of the M-I coupling m odel to  northw ard  IM F conditions can be 
briefly explained as follows. W hen IM F tu rn s  northw ard , the solar w ind imposes a 
four-cell convection p a tte rn  on the m agnetosphere [Kan and Burke,  1985], which 
is characteristically  different from the  two-cell convection pa tte rn  during sou th­
ward IM F. Alfven waves in itia ted  by the change of the  m agnetospheric convection 
are responsible for transm itting  th e  inform ation of the changed m agnetospheric 
convection to  the  ionosphere. The anisotropic and nonuniform  conductance in the 
ionosphere can lead to the anisotropic reflection of Alfven waves. Therefore, af­
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ter the Alfven waves bounce between the m agnetosphere and the ionosphere, the 
steady s ta te  h igh-latitude ionospheric convection p a tte rn  can be different from 
the in itia l m agnetospheric convection p a tte rn . This m otivates our current stud ­
ies. How significant the difference between the  two convection pa tte rn s can be is 
the question w hich will be quantita tively  answered in  the  present research.
The basic equations used in the present M-I coupling model for northw ard 
IMF conditions are sum m arized as follows. N ote th a t some equations are m odi­
fications of the  equations shown in chapter 2 , while the o ther equations are the 
same as those in  chap ter 2 , which are simply rew ritten  for the  integrity  of the  cur­
rent section. For more detailed inform ation abou t the  following equations, refer 
to chapter 2 .
From  the  curren t continuity equation, the  equation governing the reflection 
of Alfven waves from  the  ionosphere can be w ritten  as
S AV • \ E \ t )  -  Er (f)| +  J\\D{t)
r  l  ( 5 U )
and
E ^ t )  = E i{t) + E r {t) + E iP{t)
where E l and  E r are the incident and the reflected Alfven waves respectively, 
J||£> is the field-aligned current which exists in front of the wave-front of Alfven 
waves, and E^p is the  ionospheric electric field excluding the incident and reflected 
waves. E a  =  1/{(J-0Va ) is the  equivalent conductance of Alfven waves. E h  and 
E p are the anisotropic ionospheric Hall conductance and Pedersen conductance 
respectively,
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A reflection coefficient is used in the model to  describe the reflection of the 
outw ard traveling Alfven waves at the m agnetospheric boundaries, which can be 
expressed as
R m — — 1 on open field lines (3.2a)
— 1 <  R m < +1 on closed field lines (3.26)
It may be noted th a t R m — — 1 corresponds to  an  idealized constan t voltage source 
while R m =  1 corresponds to  a constant current source. For a  detailed discussion 
of the physics governing the reflection coefficient R m , the reader is referred to  Kan  
et al. [1988].
Under the assum ption th a t the precipita ting electrons are the  m ain external 
ionization source in addition  to  solar UV contributions, the  tim e-dependent elec­
tron continuity  equation can be used to  describe the  ionization in the E-region of 
the ionosphere. We have
59
^  +  V • (JVV) =  + ^ + S o - ( 3 N 2 (3.3)
ot e el i
where N  is th e  electron num ber density in the ionosphere, Q  is the ionization 
coefficient which will be defined la ter in this section, H  is the  effective height 
of the conducting ionosphere, /3 is the recom bination coefficient, and S 0 is the 
background source te rm  which can be determ ined by the  in p u t ionospheric con­
ductance. In contrast to  the trea tm ent in chapter 2, the  second te rm  on the  right 
side in equation (3.3) will be kept in the following derivations. This te rm  could 
be im portan t in some regions of the ionosphere during northw ard  IM F.
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Equation (3.3) can be rew ritten , in term s of S /f , as
=  {Q H  + l ) v  +  x
dt B 0 . .
. 0 B o „ 2 b 0 xE <  1 • }
+ h75o~ T F Sw + VSh-—^7“
The expression of the ionization coefficient Q is the  sam e as in the chapter 2, 
namely
<5 =  0 J|| downward or |J ||| <  J a
Q — Q a J || upward and V  • E* > 0 ,  | J | , |>  J 0
(3.5)
Q =  7 ' ( | / | | |  -  Jo) Jy upw ard and V • E j <  0 , J0 < \J\\\ < Jc
Q — 'y'iJc ~  Jo) J\\ upw ard and  V  • E t- <  0, |J ||| >  Jc
where Q a is a constant which depends on the energy of the diffuse auroral pre­
cipitation, 7 ' is a param eter which depends on the J|| — <^ || relationship [Fridman
and Lemaire, 1980], J a is the  therm al electron current in the loss cone, and J c is
an equivalent sa tu ra tio n  current for the upper lim it of available electron energy 
flux. The ionization coefficient Q is defined as the average num ber of ions pro­
duced by an incident electron per m eter, which is proportional to  the energy of
the precipitating electrons.
Figure 3.3 shows p art of the inpu t param eters adopted in the present model. 
Figure 3.3a shows the  initial d istribu tion  of the ionospheric Hall conductance and 
Figure 3.3b shows the  contours of the m agnetospheric reflection coefficient. To 
be consistent w ith  the condition of northw ard  IM F, some of the model inputs 
are modified from those given in chapter 2. These m odifications include ( 1 ) the 
ionospheric conductance band has a sm aller size and  is less intense; and (2 ) the 
open field line region, which corresponds to  the  region where R m =  —1, is much
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C O N T O U R  I N T E R V A L 3 . 0 0  M H O  C O N T O U R  I N T E R V A L 0 . 5 0
Fig.3.3. In p u t param eters for the model. (A ) D istribution of the 
ionospheric Hall conductance. (B) Contours of the  m agnetospheric 
reflection coefficient.
sm aller th an  th a t  in the previous southw ard IM F model. O ther param eters are 
specified as follows. The therm al electron curren t J 0 =  0.08f x A /m 2, the  equivalent 
sa tu ra tio n  curren t J c = 0.8p A / m 2, the constant ionization coefficient Q a =  7 x 
10~ 3 ions/e-m , coefficient 7 ' =  1 X  104 ions-m /e-am pere [Rees, 1963; Fridman and  
Lemaire , 1980], and  the recom bination coefficient f} =  0.9 x 1 0 - 1 3m 3/sec  [Walls 
et al., 1974]. T he tim e step is 5 sec and the Alfven wave traveling tim e between
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tim e between m agnetosphere and ionosphere is assum ed to be 4 min. We set 
t= 0  sec when the Alfven waves launched by the changed m agnetospheric convec­
tion first arrive in  the ionosphere. The input param eters will be kept constant 
in the following num erical calculations unless specifically m entioned. The equa- 
torw ard boundary  of the convection flow p a tte rn  in the num erical calculation has 
been adjusted  to  58° instead  of 50° in the previous m odel for b e tte r  agreement 
between the m odeling results and the observed ones.
3 .2 .2 . M o d e lin g  R e su lts
Figure 3.4 shows th e  case of strong positive B z w ith  positive B y . According 
to the four-cell theories, when the IM F has a  significant y-com ponent, one of the 
polar cap cells could be dom inant over the o ther one. W hen B y is positive, the 
m orning cell in the  no rthern  polar cap is dom inant, and vice versa. As we can see 
from Figure 3.4a, these theoretical predictions have been incorporated  into the 
initial m agnetospheric convection p a tte rn  used in our model. Figures 3.4b and 
3.4c show th e  field-aligned current d istribution  and the convection pa tte rn  in  the 
ionosphere when the M -I coupling process approaches an asym ptotic s ta te  after 
about 25 m inutes. In Figure 3.4b, the dashed lines m ean upward field-aligned 
currents and  the solid lines m ean downward field-aligned currents. In the plot, 
the region 1, region 2 and  NBZ currents can be easily identified, w ith features 
which are consistent w ith  the observations [Iijima et al.,1984]. Furtherm ore, the 
field-aligned curren t d istribu tion  shown in Figure 3.4b predicts th e  features of the 
currents in  th e  transition  region between the region 1 and  the NBZ currents in
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MIN - 0 . 4 0  
MAX 0 . 4 0
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MIN - 1 8 . 7 4  
MAX 1 6 . 2 1
C O N T O U R  I N T E R V A L  4 . 0 0  KV
Fig. 3.4. The case of strong positive B z w ith a positive B y . (A) 
In itial m agnetospheric convection. (B) A sym ptotic d istribu tion  of 
the field-aligned currents. (C ) A sym ptotic ionospheric convection 
pa tte rn . (D) Heppner-Maynard  convection p a tte rn .
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the dayside ionosphere, which could not be observed by the  MAG SAT satellite 
[Iijima et al., 1984] because of its orbit lim itations. The m ost im portan t th ing  is 
the asym ptotic h igh-latitude convection p a tte rn  shown in Figure 3.4c. C om paring 
the asym ptotic convection p a tte rn  w ith  the convection p a tte rn  shown in  Figure 
3.4d, which was observationally deduced by Heppner and Maynard [1987], we can 
see th a t two convection p a tte rn s  are characteristically  sim ilar w ith each o ther and 
th a t both  have the east-w est flow in th e  dayside regions. A natu ra l conclusion 
is th a t four-cell m agnetospheric convection p a tte rn s , while propagating to  the 
ionosphere, can be d isto rted  and thus lead to  th e  features of w rapped two-cell 
convection pa tte rn s. T he convection distortions are caused by the  anisotropic 
reflections of Alfven waves due to the existence of the  anisotropic and  nonuniform  
ionospheric conductance.
Figure 3.5 shows the case of strong positive B z w ith  negative B y . F igures 3.5a 
shows the  in itia l m agnetospheric convection p a tte rn . F igure 3.5b and  3.5c show 
the field-aligned current d istribu tion  and the convection p a tte rn  in  th e  ionosphere 
in the asym ptotic sta te . F igure 3.5d shows the  observationally deduced convec­
tion p a tte rn  [Heppner and Maynard,  1987]. A gain, we can see th a t the  convection 
pa tte rn s shown in Figures 3.5c and 3.5d are quite sim ilar, which supports the  con­
clusion deduced in the previous paragraph . C om paring th e  field-aligned current 
d istributions shown in Figure 3.4b and Figure 3.5b, ano ther feature which we can 
see is th a t when B y is positive, the downward region 1 current has an  expansion 
towards the  polar cap in the prenoon sector, and  when B y is negative, the  upw ard 
region 1 current has an expansion tow ards the  polar cap in  the prem idnight sec­
tor. This is a  predicted feature of the field-aligned curren ts during conditions of
64
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Fig. 3.5. The case of strong positive B z w ith a  negative B y . (A) 
Initial m agnetospheric convection. (B) A sym ptotic d istribution  of 
the field-aligned currents. (C) A sym ptotic ionospheric convection 
p a tte rn . (D) Heppner-Maynard  convection pa tte rn .
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northw ard IM F in our model.
The situation  of B y =  0 is hardly ever observed, but it can be easily achieved 
in num erical modeling. It can be viewed as an approxim ation of the case in  which 
the direction of IM F is very close to due north . Figure 3.6a shows a  sym m etric 
four-cell m agnetospheric convection p a tte rn  which is chosen as the  in itia l condition 
of our m odel for the case w ith  B y =  0. Figures 3.6b and  3.6c show the  o u tpu ts  
in the asym ptotic s ta te . The east-west flow features in the dayside regions can 
still be seen in Figure 3.6b, bu t not as strongly as those in the cases w ith  a B y 
com ponent. T he p a tte rn  shown in Figure 3.6b can be seen as a n a tu ra l bridge 
between the  p a tte rn s  shown in Figure 3.4c and Figure 3.5c if one analyses the 
morphologies of those p a tte rn s  carefully. U nfortunately, there  is no convection 
p a tte rn  w ith B y =  0 available in Heppner and Maynard paper [1987] against 
which we can make a  direct com parison. Therefore the convection p a tte rn  shown 
in Figure 3 .6 b can be seen as a  theoretical prediction for northw ard  IM F w ith 
By — 0 and  an extrem e case of the convection pa tte rn s for northw ard  IM F shown 
in Heppner and Maynard  [1987]. An interesting feature shown in Figure 3.6c is 
the upw ard field-aligned curren ts crossing the polar cap, which m ight be related 
to  features of the th e ta  aurora.
3 .3 . S u m m ary
Based on the results of th e  present modeling, we propose the following rela­
tionship between four-cell and  d istorted  two-cell convection p a tte rn s  during n o rth ­
ward IM F. Four-cell convection pa tte rn s  im posed on the m agnetosphere by the
6 6
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Fig. 3.6. The case of positive B z with B y =  0. (A) Initial magneto­
spheric convection. (B) Asymptotic distribution of the field-aligned 
currents. (C) Asymptotic ionospheric convection pattern.
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solar w ind during a  northw ard IM F can be d isto rted  in to  w rapped two-cell con­
vection p a tte rn s  which are sim ilar to  the em pirical d istorted  two-cell convection 
p a tte rn s  deduced by Heppner and M aynard [1987]. The convection distortions 
are caused by the  anisotropic reflections of Alfven waves due to  anisotropic and 
nonuniform  ionospheric conductance.
O ther results in  our modeling can be sum m arized as follows. F irst, the  model 
predicts the current features in  the transition  region between the region 1 and  the 
NBZ curren ts in the dayside ionosphere. Also, the  model predicts th a t when B y 
is positive, the downward region 1 current has an  expansion towards th e  polar cap 
in the  prenoon sector, and when B y is negative, the upw ard region 1 curren t has 
an expansion tow ards the po lar cap in the  prem idnight sector. The features of 
the th e ta  au ro ra  can be seen in the results of the m odel when th e  IM F is nearly 
northw ard . A dditionally, the model predicts a  convection p a tte rn  for B y — 0 case 
which can be seen as an extrem e case to  the  convection pa tte rn s  for northw ard 
IM F deduced by Heppner and Maynard  [1987]. Finally, the  d istribu tions of the 
resulting field-aligned currents in the model are characteristically  consistent with 
observed curren t d istributions, including the  NBZ currents, during northw ard 
IMF.
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C h ap ter  4 . , A  S tu d y  o f  th e M u lt ip le  F ie ld -A lig n e d  C urrent S h ee ts  
in  th e  M -I S y s te m
4.1 . In tr o d u c tio n
In global m odeling of the m agnetosphere-ionosphere coupling processes, most 
a tten tion  has been paid to the nightside m agnetospheric and  ionospheric dynam ­
ics. The inclusion of the dayside dynam ics in a  global M-I coupling model is still 
in the early stages. One of the possible dynam ic processes for transferring the 
energy and m om entum  of the solar w ind to the m agnetosphere through dayside 
m agnetopause is the  flux transfer event (F T E ) [Russell and Elphic, 1978; Son- 
nerup et al., 1981]. FT E s are characterized by a bipolar oscillation in the norm al 
field com ponent B n , i.e., positive B n followed by negative B n when observed in 
northern  la titudes [Rijnbeek et al., 1982; Paschmann et al., 1982]. Several models 
of FT E s [Russell and Elphic, 1978, 1979; Saunders et al., 1984; Lee, 1986; Sato et 
al., 1986; Southwood,  1985, 1987; Kan,  1988] have been proposed. According to 
the F T E  theories, the stress applied to  the  reconnected flux tube as it is pulled 
tailw ard m ust be tran sm itted  to  the ionosphere. This m ust be accomplished by 
closing the field-aligned currents associated w ith  the flux tu b e  through the  iono­
sphere. It is believed th a t the field-aligned curren t in the  F T E  flux tube plays a 
key role in coupling the F T E  to the ionosphere.
Before we can include dayside FT E s in to  th e  global m odeling of the m agneto­
sphere-ionosphere coupling, we need to  verify the  validity of different in terp re­
tations of F T E s. One applicable way is a search for the  FT E s signatures in
69
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the ionosphere [Goertz et al., 1985; Lanzerotti et al., 1986] and on the ground 
[McHenry and Clauer, 1987]. Such independent observations would provide con­
siderable s tren g th  to the  argum ents supporting the in terpreta tions of FTEs, and 
would also provide ano ther source of observational inform ation regarding dayside 
m agnetopause reconnection. G round m agnetic signatures produced by the  coax­
ial cylindrical F T E  curren t systems proposed by Saunders et al. (1984] and  Lee 
[1986], and by th e  split cylindrical F T E  current system  proposed by Southwood 
[1985, 1987] have been exam ined by McHenry and Clauer [1987]. In this chapter, 
we exam ine th e  ground m agnetic signatures and  the  ionospheric signatures pro­
duced by th e  m ultip le F T E  field-aligned current sheets proposed by Kan  [1988]. 
The results show th a t  the  ground m agnetic signature of the FT E  model proposed 
by Kan  [1988] is characteristically  different from the m agnetic signatures of pre­
viously proposed F T E  models [Saunders et al., 1984; Lee, 1986; Southwood, 1985, 
1987] as calculated by McHenry and Clauer [1987]. T he results also suggest th a t 
ground m agnetom eter chains could be a po ten tial tool to  test the predictions of 
the various F T E s models.
This chap ter is organized in the following way. Section 4.2 briefly introduces 
the F T E  m ultiple field-aligned current sheet system  proposed by Kan  [1988], and 
the characteristic  features of the coaxial cylindrical and split cylindrical F T E  
current system s. Section 4.3 gives the m athem atical form ulation of the present 
work. Section 4.4 shows the resulting ground m agnetic signatures and ionospheric 
signatures of th e  m ultiple field-aligned current sheets, and makes a  com parison of 
the m agnetic signatures predicted  by various F T E  models. Finally, in section 4.5, 
we sum m arize the  m ajo r results and make a brief conclusion.
70
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4 .2 . C urren t S y s te m s  A sso c ia te d  W ith  th e  F T E  F lu x  T ube
Kan  [1988] proposed a  theory of the elbow-shaped flux transfer events [Rru- 
sell and El f  hie, 1978; 1979]. The F T E  theory proposed by Kan  [1988] can produce 
multiple field-aligned current sheets, accompanied by spiky electric fields along en­
hanced convection channels. Figure 4.1 is a sketch of a convection channel driven 
by an in te rm itten tly  enhanced elbow-shaped F T E  centered around a given longi­
tude on the dayside m agnetopause. The convection along a  channel is nonuniform 
due to the in term ittency  of elbow-shaped FTEs. A pair of oppositely directed 
field-aligned currents is produced by the F T E  along a  convection channel due to 
the ionospheric line-tying effect [e.g., Southwood, 1985, 1987]. T he intensity of the 
upward curren t need not be equal to th a t of the dow nward current in each FT E  
enhanced convection channel [ifan, 1988], so th a t a net field-aligned current can 
exist to  produce helical field lines along an elbow -shaped F T E  flux tube . The 
longitudinal dim ension of an F T E  flux tube is determ ined by the w idth of the 
localized F T E  reconnection site. The la titud inal dim ension of an F T E  flux tube 
depends on the convection speed and the duration  of the in te rm itten t reconnec­
tion on the  dayside m agnetopause. Thus, an elbow-shaped F T E  flux tu b e  can 
be highly elongated in the  direction of the convection if th e  patchy reconnection 
is sustained for a long tim e. In th a t case, the F T E  field-aligned current sheets 
can be highly extended along a  convection channel [Kan, 1988]. M ultiple pairs of 
field-aligned current sheets are produced by m ultiple F T E s a t different longitudes 
on the dayside m agnetopause. M ultiple field-aligned curren t sheets im bedded 
in the region I current system  [Iijima and Potemra , 1976] can be inferred from
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'POLAR CAP 
FAST RAREFACTION BOUNDARY 
WAVEFRONT (FRW)
FAST COMPRESSION 
WAVEFRONT (FCW)
Fig. 4.1. (A) Sketch of an isolated convection channel projected  on 
the ionosphere driven by the in term itten tly  enhanced elbow-shaped 
FTEs on the dayside m agnetopause. The cross-shaded region is the 
footprin t of a 3D T reconnection site on the m agnetopause. The 
open arrows indicate the velocity fast-m ode waves. The solid arrows 
indicate the  convection velocity along the channel. Field-aligned 
currents are indicated  by vertical lines with arrows. (B) The dayside 
ionospheric convection p a tte rn  driven by the in term itten tly  enhanced 
elbow-shaped FT E s on the dayside m agnetopause. The curves with 
arrows are convection stream lines.
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magnetic field d a ta  m easured by polar orbiting satellites. Exam ples of m ultiple 
field-aligned current sheets have been deduced from DE 2 m agnetom eter d a ta  
[e.g., Sugiura, 1984].
The o ther two proposed current systems associated with an F T E  flux tube 
are the coaxial cylindrical and the  split cylindrical F T E  current systems. The 
first consists of a  central core of field-aligned current which spreads radially in the 
ionosphere. The current closes w ith field-aligned re tu rn  currents in a diffuse shell 
around the central core current or through d istant re tu rn  currents [Saunders et al., 
1984; Lee, 1986]. The second consists as a first approxim ation of two oppositely 
directed field-aligned currents on opposing edges of the  F T E  flux tube  [Southwood, 
1985, 1987], A refined version distributes the currents over the circumference of 
the flux tube . Figure 4.2 is a  sketch to  show the characteristic difference of the 
multiple field-aligned current sheets, the coaxial cylindrical current system , and 
the  split cylindrical current system .
4 .3 . M a th e m a tic a l F orm u lation
The steady  sta te  m agnetic signature of the m ultiple current sheets in the  FTE  
model proposed by Kan  [1988] will be calculated under the  following assum ptions. 
(1) The ionosphere is assum ed to  be a slab with uniform  height-integrated Hall 
and Pederson conductances. Using the d a ta  from the Sondrestrom  radar and the 
NO A A 7 and  TRIA D  satellites, Robinson et al. [1984] showed th a t in the dayside 
ionosphere, the  height-integrated ionospheric conductance is almost uniform in a 
region around a  small-scale current system. Therefore, a uniform  height-integrated
73
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(A) (B)
Saunders et al.-Lee's Southwood's FTE
Current System Current System
Fig. 4.2. The sketch of three FT E  current system s presented in 
various F T E  models. (A) The Coaxial cylindrical F T E  current sys­
tem  [Saunders et al., 1984; Lee, 1986]. (B) The split cylindrical FT E  
current system  [Southwood, 1985; 1987]. (C ) The m ultiple F T E  field- 
aligned current sheets [Kan , 1988]. The dashed arrow s indicate the 
upw ard field-aligned current.
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conductance is a ,good  assum ption for the  dayside ionosphere. (2) The E a r th ’s 
m agnetic field is assum ed to  be perpendicular to  the  ionosphere. In th e  high 
la titude, th is is a commonly accepted assum ption. (3) T he E a r th ’s induction  
currents are assum ed negligible. Assuming a uniform  E arth  conductivity, the 
E arth  can be simplified as an  infinitely conducting sphere covered by a  perfect 
insulating layer which is at least 250 km  in thickness [Chapman , 1919; Kisabeth 
and Rostoker , 1977; Campbell, 1987]. The effect of the E arth  induction currents 
can be estim ated  by adding image currents below the surface of the conducting 
sphere a t the sam e distance as the ionospheric currents are above th a t surface. 
T h a t m eans the  im age currents axe abou t 600 km  below th e  E a r th ’s surface. I t will 
be shown la te r th a t th e  m agnetic pertu rba tions produced by the  current system  in 
our m odel decrease rapidly w ith distance. Therefore, the  E arth  induction curren ts 
can be assum ed negligible.
A cartesian  coordinate system  is adopted  in which the A' axis points to  the 
north , the  Y  axis points to  the east and the Z  axis is downward. The ionosphere 
is in the  A"-F plane. The ionospheric current, flowing in  X - Y  plane, can be 
expressed as
I  =  S PE  +  S Hb 0  x E  (4.1)
where b G is the un it vector of m agnetic field assum ed to  be in the Z  d irection, 
E  is the ionospheric electric field assum ed to be in X - Y  plane, and E p  and  E h  
are in teg rated  Pederson and Hall conductances, respectively. From th e  curren t 
continuity equation, one obtains
V - I =  J„ (* ,y )  (4.2)
75
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where J||(x,x/) is the field-aligned current density. From equations (4.1) and (4.2), 
one can derive the  relation
76
V • (S p E  -F S p b Q x E ) =  J|| (4.3)
Under the assum ptions of uniform  ionospheric conductance and of a curl-free 
electric field
E  =  -V4> (4.4)
equation (4.3) can be simplified as
(4.5)
2 J p
where $  is the  electric po ten tial.
By solving equation (4.5), we ob ta in  $  for a  given £ p  and J\\ under a specified 
boundary condition on $ .  We then calculate the d istribu tion  of the ionospheric 
electric field E  from equation (4.4) and the ionospheric current from equation 
(4.1). To get the  ground m agnetic pertu rba tion , we use the Biot-Savart law,
d B  =  - ^ - ( J  x r )dV  (4.6)
47rr3
According to  Fukushima's  theorem  [1969], if the conductance is uniform  and 
the field-aligned current is perpendicular to  the ionosphere, the ground m agnetic 
pertu rba tion  is produced exclusively by the Hall current. The m agnetic p e rtu rb a ­
tions produced by the Pederson curren t and th e  field-aligned current cancel each
other. Therefore, in our m odel, equation (4.6) can be rew ritten  as
d B (r0) =  - ± 2 _ ( I w(r)  x r ' )dxdy  (4.7)
47rr'
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where I h  is the ionospheric Hall current, r„ is the  observation point on the ground, 
r  is the source point in the ionosphere, r'  is the m agnitude of r' =  re — r, and 
f ' is the unit vector in the direction of r \  Then the  in tegrated  ground m agnetic 
pertu rba tion  can be expressed as
B ( i 0 ,y 0) =  j  J J ^ ° l2 ( I h  x r ' )dxdy  (4.8)
where the area of in tegration  is the entire ionosphere, and x a and ya are the * and 
y  com ponents of r Q, respectively.
If the average height from  the  ground to  the  ionosphere is denoted by h, 
one can calculate the ground m agnetic pertu rb a tio n  produced by the ionospheric 
current explicitly from equation (4.8), i.e.,
“  = ^ /  /  [(..-.y + toL,)-* i f
-  I xh e y +  [(y„ -  y ) I x -  ( x a -  *)/„j e z jd x d y  (4.9)
where I x , and I y are the  com ponents of I # .
By solving equations (4.1), (4.4), (4.5), and (4.9), bo th  the  ground m agnetic 
pertu rba tion  and  the ionospheric electric field can be calculated when the  iono­
spheric conductance and  the d istribu tion  of the field-aligned current are given.
If the  field-aligned current sheet has a large longitudinal ex ten t com pared 
with its la titud ina l ex ten t, equation (4.9) can be simplified by assum ing th a t the 
current density is uniform  in the  longitudinal direction. T hen equation (4.9) can 
be rew ritten  as
B(X„)  =  £  (  f — -  f f e e . )  (4.10)
2 t t \J  ( x e - t ) 2 +  h2 J  ( x 0 - x ) 2 +  h2 > V '
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The positive value of lf /(x )  is for eastw ard flowing current.
4 .4 . G rou n d  and Io n o sp h er ic  S ig n a tu res  o f  th e  M u ltip le  F ie ld -  
A lig n ed  C u rren t S h eets
4 .4 .1 . G rou n d  M a g n etic  S ig n a tu res
To ob ta in  the  ground m agnetic signature associated w ith the  m ultiple field- 
aligned current sheets due to  F T E s, we num erically solve equations (4.1), (4.4),
(4.5), and (4.9). We assume a G aussian d istribu tion  in space for the  field-aligned 
current density in each current sheet. The longitudinal and la titud ina l extents of 
an individual field-aligned current sheet are adjustable. The form er is determ ined 
by the  w idth of the  localized reconnection site. The la tte r depends on the con­
vection speed and  the duration  of th e  in te rm itten t reconnection on the dayside 
m agnetopause. The uniform ionospheric conductances are assum ed to be E p  =  6  
mho and E #  =  9 mho, and the ground to  ionosphere distance is assum ed to  be 
h =100 km  in all calculations presented in this paper. The calculation domain 
consists of a 1 0 0  by 1 0 0  uniform  grid which is confined in a area of 1 0 0 0  km  by 
1000 km. We use periodic boundary conditions on the boundaries a t y  =  0 km 
and y  =  1000 km. On the boundaries a t x =  0 km and x =  1000 km, the  bound­
ary condition, d $ / d x  =  0  is used to  obta in  a  solution with zero current on the 
boundary. We also assume th a t the  field-aligned current sheets are aligned along 
the east-w est direction, which is appropria te  outside the polar cap. Since the am ­
plitude of m ost m agnetic pertu rba tions from o ther sources is less th an  30 nT , we 
would say the m agnetic signatures produced by multiple current sheets are above
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the detectable level if the ir am plitude is larger th a n  30 nT .
Figure 4.3 shows the ground m agnetic p ertu rba tion  associated with two­
dim ensional m ultip le field-aligned curren t sheets. The left panel in the  top  row 
shows the  spatia l d istribu tion  of current density of multiple field-aligned current 
sheets. This type of multiple field-aligned curren t sheets can be produced by the 
collective con tribu tion  of in term itten tly  generated  elbow-shaped FT E s. In this 
case, we only consider the m ultiple field-aligned current sheets w ith  sym m etric 
intensities, which m eans the same in tensities for b o th  upw ard and downward J|| 
in each pair. T he current density of Jy is assum ed to  be 7 /xA/m 2 a t the m axi­
mum. T he long itud inal dimension of individual field-aligned current sheet, which 
equals the  longitudinal size of the F T E  foo tprin t in  the ionosphere, is set to  300 
km, and  the  la titu d in a l dimension of individual field-aligned current is set to  be 
100 km. The la titu d in a l distance between the ionospheric footprin ts of different 
FT E s is set to  be 400 km. T he rem aining panels in  Figure 4.3 show the different 
com ponents of the  corresponding ground m agnetic pertu rbations.
From  the  plots shown in Figure 4.3 we can see th a t the m axim um  am plitude of 
the H  com ponent pertu rba tion  is greater than  165 nT  in this case. Such a p e rtu r­
bation  could be easily identified from  the  m agnetom eter da ta . The Z  com ponent 
pertu rb a tio n  is relatively weak com pared w ith the H  com ponent pertu rba tion , 
but is still of detectab le level. The m agnetic pertu rb a tio n  of the D  com ponent 
associated w ith  th e  multiple field-aligned curren t sheets is extrem ely weak and  so 
will be undetectab le . From these plots, we find some in teresting characteristics of 
the m agnetic signatures in the  different com ponents. T he m agnetic signature of 
the D  com ponent pertu rba tion  exhibits fine structu res. Each set of fine structures
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Fig. 4.3. The typical case of multiple field-aligned current sheets and 
the corresponding ground magnetic perturbations. The contours of 
J || are spaced 2 p A / m 2. Dotted lines mean negative values.
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is believed to  be connected w ith  a FT E  flux tube . The ground signatures associ­
ated w ith different field-aligned current sheets can be easily identified th rough  the 
p a tte rn  of the H  com ponent pertu rbation . But the m agnetic p e rtu rb a tio n  of the 
H  com ponent is highly localized, and is well confined ju st under the m ultiple F T E  
field-aligned curren t sheets. Fortunately, the Z  com ponent spreads over a  wider 
ground area  th a n  the  H  com ponent. This will increase the  chance of detecting 
FT E  ground signatures th rough m agnetom eter observations.
In the calculations, we find th a t the  intensity  of the current in an  F T E  is 
an im portan t facto r to  the detectability  of the m agnetic pertu rb a tio n s  by ground 
m agnetom eters. If the  m axim um  Jy is reduced to  3 y A /m 2, not only the D 
com ponent p e rtu rb a tio n  bu t also the Z  com ponent p ertu rba tion  are below the  
detectab le level. If the J|| is fu rther reduced to  1.5 /xA /m 2, all th ree com ponent 
p e rtu rb a tio n  are  below the detectable level.
Figure 4.4 shows how the longitudinal size of individual current sheets influ­
ences the  ground m agnetic signature. In this case, we keep the sam e la titud ina l 
d istance betw een the ionospheric footprints of different FT E s (~ 400  km ) and  the 
same in tensities of «7|j as in the previous case. B ut the  longitudinal size of current 
sheet in F igure 4.4 is 900 km, while th a t in Figure 4.3 is 300 km. Note th a t the 
am plitude of ground m agnetic pertu rba tions in Figure 4.4 is much larger than  
th a t in F igure 4.3. This means the longitudinal size of F T E s is also im portan t 
in determ ining  the  characteristics of ground m agnetic pertu rba tion . We find if 
the long itud inal size of the FT E  footprint is sm aller th an  100 km, the  am plitude 
of ground m agnetic pertu rba tions will be below the detectable level even if the 
current density  of «7|| is as high as 7 /iA /m 2. In our calculations, we also checked
81
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Fig. 4.4. The case showing how the longitudinal size of individual 
field-aligned current influences the ground magnetic signatures.
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how the  la titud ina l size of individual current sheets influences the ground m ag­
netic signature. We find the la titud inal size is also an  im portan t factor. If the 
la titud inal size of an individual current sheet is sm aller th a n  30 km, the m agnetic 
signature is hard  to  identify from m agnetic records, since the  m axim um  am pli­
tudes of the p ertu rba tion  of bo th  the H  com ponent and the  Z  com ponent are 
lower th an  30 nT . Thus, we conclude th a t when th e  reconnection site has a large 
w idth, or when th e  in term itten t reconnection on the  dayside m agnetopause has a 
longer duration , there is m ore chance of detecting th e  ground m agnetic signatures 
associated w ith m ultiple field-aligned curren t sheets. F igure 4.5 shows the case in 
which FT E s occur w ith a  small spatia l separation  in la titud ina l direction a t the 
m agnetopause. We set the corresponding spatia l separation  in the ionosphere to 
be 240 km, but the  rest of the param eters are the  sam e as in  Figure 4.3. Note th a t 
both  the  H  and Z  com ponent pertu rba tions are weaker th an  those in Figure 4.3. 
This result shows th a t a smaller spatia l separation  makes the  m agnetic p e rtu rb a ­
tions produced by different current sheets cancel each other. This will reduce the 
chances of being detected by ground m agnetom eters. Furtherm ore, the sm aller 
spatial separation between different current sheets makes the  m agnetic footprint 
on the  ground sm aller. This will also reduce the chances of being detected. This 
suggests th a t ground m agnetom eter d a ta  m ight be a  good tool for studying the 
current s truc tu re  of individual FT E .
The in tensity  of the upw ard current need not be equal to  th a t of the downward 
current in each pair of F T E  field-aligned current sheets so th a t a net field-aligned 
current can exist to  produce helical field lines along an elbow-shaped F T E  flux 
tube. Figure 4.6 shows the  case in which the  F T E  m ultiple field-aligned current
83
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Fig. 4.5. The case in which FTEs occur with a small spatial sepa­
ration in latitudinal direction at the magnetopause. The contours of 
J || are spaced 2 f i A / m 2.
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Fig. 4.6. The case in which the multiple FTE field-aligned current 
sheets have unsymmetric current intensities. The contours of J || are 
spaced 2 nA/rri2.
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sheets have unsym m etric current intensities. The left panel in the top row shows 
the d istribution  of field-aligned current density. In th is case, the upw ard current 
density is significantly g reater th an  the  downward curren t density. T he m axim um  
current density of upw ard Jy is 7 /xA /m 2. T he ra tio  of the  current density of 
upw ard J|| to  th a t of downward Jy is 2. N aturally , there  are some unsym m etric 
characteristics in  the  m agnetic signature. We find th a t when the upw ard current 
density is significantly greater th an  the  downward current density in F T E  current 
system , the negative Z  com ponent p e rtu rb a tio n  spreads over a much w ider ground 
area than  the positive Z  com ponent. On the  o the r hand , when the  downward 
current density is significantly g reater th an  the  upw ard current density  in FT E  
current system , the positive Z  com ponent p e rtu rb a tio n  spreads over a  much wider 
ground area. This is a  useful result which can be used as a  crude diagnosis to  find 
out the dom inant direction of J\\ in a F T E  curren t system .
4 .4 .2 . Io n o sp h er ic  E le c tr ic  F ie ld  S ig n a tu res
During the calculation of ground m agnetic signatures shown in subsection 
4.4.1, we can also calculate the ionospheric electric fields associated w ith m ultiple 
field-aligned current sheets. The plots in F igure 4.7 show the profiles of the  X  
(northw ard) com ponent of ionospheric electric field. The solid curves represent 
the X  com ponents of electric field along the  la titu d in a l cross section where the 
m axim um  curren t densities of field-aligned current sit. The dashed curves rep­
resent the  fields along the la titud ina l cross section where the m inim um  current 
densities are located. T he curves in  Figure 4.7a are  the corresponding electric
8 6
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Fig. 4.7. T he profiles of the X  com ponent of the ionospheric electric 
field. T he solid curves represent the electric fields along the la titu ­
dinal cross section where the m axim um  current densities sit. The 
dashed curves represent the electric fields along the la titud inal cross 
section where the minim um  current densities sit. Plots (A), (B), (C ), 
and (D ) correspond to  the cases shown in Figure 4.3, Figure 4.4, F ig­
ure 4.5, and Figure 4.6, respectively.
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fields to  the case, shown in Figure 4.3. Figure 4.76 corresponds to  the  case w ith 
a larger longitudinal size of the F T E  footprints shown in Figure 4.4. Figure 4.7c 
corresponds to  the  case w ith a smaller spatial separation between different current 
sheets which is shown in  Figure 4.5. Finally, Figure 4.7d corresponds to  the 
case in  which th e  F T E  m ultiple field-aligned currents have unsym m etric current 
intensities shown in Figure 4.6.
From the plots shown in Figure 4.7, we find a common characteristic: the 
intensities of th e  electric fields peak near the center and fall off tow ard  the edge 
of an F T E  tube. This is consistent w ith the characteristic of spiky electric fields 
associated w ith FT E s proposed by Kan  [1988]. We also find th a t if th e  in tensity  of 
m ultiple field-aligned current sheets is fixed, then  the  F T E  tube  w ith  a  larger size 
produces a  stronger ionospheric electric field. Since the convection electric field is 
produced by the collective contribution from individual reconnection sites, a  strong 
convection electric field can be expected when the F T E  tubes have larger sizes 
at the  m agnetopause. T he smaller spatial separations between different current 
sheets do not reduce the intensity of electric field, bu t do reduce th e  in tensity  of 
ground m agnetic pertu rba tion  (as shown in section 3.1). T he sharp  spiky electric 
fields occur in the  case of smaller spatial separations. Because the curren t density 
in the  case shown in Figure 4.7d is unsym m etric, the resulting electric field also 
exhibits some unsym m etric features. The peaks of electric field in tensity  shift 
tow ards the  side of the larger current density instead of sitting  a t the  center of 
F T E  tube . The signatures of ionospheric electric fields shown in Figure 4.7 can be 
used to make com parison with the  electric field d a ta  from polar o rb iting  satellites 
and offer ano ther tool for testing the  proposed F T E  theories.
88
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4 .4 .3 . C o m p a r iso n  o f  M a g n etic  S ig n a tu res  P r e d ic te d  by V arious  
F T E  M o d els
89
The ground m agnetic signatures produced by the m ultiple field-aligned cur­
rent sheets in K a n ’s [1988] FT E  model are com pared w ith  the  coaxial cylindrical 
FT E  current system  [Saunders et al., 1984; Lee, 1986] and the split cylindrical 
FT E  current system  [Southwood, 1985, 1987] as shown in Figure 4.8. To facil­
ita te  the com parison, the multiple field-aligned current sheets are assum ed to 
be aligned along the north-south  direction which is appropria te  inside the polar 
cap. The geom etries of these three field-aligned current system s have been shown 
schem atically in  Figure 4.2.
The top panels of Figure 4.8 show the  ground m agnetic signatures produced 
by m ultiple F T E  field-aligned current sheets proposed by Kan  [1988]. (T he input 
of field-aligned curren t sheets is obtained by simply ro ta ting  the  J|| profile in 
Figure 4.3 by 90°.) The m agnetic signatures shown in the middle and  the bo ttom  
panels are the results presented in McHenry and Clauer’s [1987] work. The middle 
panels show the  m agnetic signatures produced by the split cylindrical F T E  current 
system. The b o tto m  panels show th a t produced by the coaxial cylindrical FT E  
current system . For the purpose of com parison, we take the net upw ard (or 
downward) curren t to  be around 2 x 105A for the m ultiple F T E  field-aligned 
current sheets, which is consistent w ith the net upw ard current ( 2  x 10s A) used for 
the split cylindrical FT E  current system  and the coaxial cylindrical F T E  current 
system  in McHenry and Clauer’s [1987] calculations. T he B x com ponents in the 
middle and  the  bo ttom  panels correspond to  the H  com ponent in the  top panel
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Fig. 4.8. T he com parison of ground m agnetic signatures produced 
by th ree  different F T E  current system s. (Top) T he ground m agnetic 
signatures produced by K an ’s F T E  model. (M iddle) T he ground 
m agnetic signatures produced by Southw ood’s F T E  m odel. (B ot­
tom ) The ground m agnetic signatures produced by Saunders e t a l.’s 
and  Lee’s F T E  m odels. All contours are spaced 20 n T  except the  
left one in  the  top  panels, w hich is spaced 1.5nT.
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in which the positive value is northw ard. The B y com ponent corresponds to  the 
D com ponent in which the  positive value is eastw ard. T he positive Z com ponent 
points to the E arth . The contours of all p a tte rn s  are spaced a t 20 nT  intervals 
except the  left p a tte rn  in the top  row, which is spaced at 1.5 nT  intervals.
Obviously, th e  p a tte rn  of m agnetic signatures produced by the multiple F T E  
field-aligned current sheets is characteristically different from those produced by 
coaxial cylindrical F T E  current system  and  split cylindrical F T E  current system . 
The m agnitude of D  com ponent pertu rba tion  in  the  top row is slightly larger th an  
the corresponding com ponent pertu rba tion  in the  m iddle row bu t is much larger 
than  th a t in the  b o tto m  row. T he m agnitudes of Z  com ponent pertu rba tions in 
all three current system s are of the  same order of m agnitude. Note the H  com po­
nent pertu rb a tio n  produced by the m ultiple current sheets is much weaker than  
the corresponding com ponent pertu rba tion  produced by the o ther two current 
systems, bu t th a t it also shows some very fine s tructu res.
From the com parison of the  ground m agnetic signatures produced by these 
three different F T E  current systems, we find th a t the  coaxial cylindrical FT E  
current system  proposed by Saunders et al. [1984] and  Lee [1986] has the least 
chance to be identified from the  ground m agnetic d a ta , since its ground p e rtu rb a ­
tions are weakest and it has th e  smallest area  com pared w ith the o ther two current 
systems. The m ultiple F T E  field-aligned current sheets proposed by Kan  [1988] 
has the best chance to  be identified, since its ground m agnetic pertu rba tions are 
the strongest and  have the largest ground areas.
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4 .5 . S u m m a ry
The ground m agnetic signatures associated w ith m ultiple F T E  field-aligned 
current sheets proposed by Kan  [1988] have been studied under the assum ption of 
uniform  ionospheric conductance. The characteristics of the  resulting ionospheric 
electric fields in the  model are consistent w ith  th a t of the  spiky electric fields 
associated w ith FT E s proposed by Kan  [1988]. The ground m agnetic signatures 
associated w ith different m ultiple field-aligned current sheets, shown in Figures 4.3 
to 4.6, can be sum m arized as follows.
T he H  com ponent of m agnetic pertu rb a tio n  associated w ith  m ultiple field- 
aligned curren t sheets dom inates the Z  and D  com ponent pertu rb a tio n . T he H  
com ponent p e rtu rb a tio n  is highly localized and  is confined ju s t under the m ultiple 
current sheets. T he Z  com ponent pertu rba tion  is weaker and less confined com­
pared w ith the H  com ponent p ertu rba tion . The m agnetic p e rtu rb a tio n  of the D  
com ponent associated w ith m ultiple field-aligned curren t sheets is probably too 
weak to  be detectab le , but it has some very fine s tructu re  which can reflect the 
characteristics of individual F T E  flux tubes.
If the current density of multiple field-aligned current sheets is greater than
1.5 //A /m 2 w ith  a  longitudinal size of an individual curren t sheet being larger 
than  100 km, and a  la titud ina l w idth being larger th an  30 km, then  the  ground 
m agnetic signature associated w ith m ultiple field-aligned curren t sheets probably 
could be identified from ground m agnetom eter d a ta  .
A sm aller closer spatia l separation between different curren t sheets makes the 
magnetic p ertu rb a tio n  produced by different current sheets cancel out and  leads
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to weaker ground m agnetic pertu rbations. Fortunately, even for very small spatia l 
separation, the ground signature produced by different curren t sheets can still be 
easily distinguished.
W hen the upw ard current density is significantly greater th an  the downward 
current density in  an F T E  current system , the negative Z  com ponent p ertu rba tion  
spreads over a much wider ground area than  the positive Z  com ponent p e rtu rb a ­
tion. Conversely, when the downward current density is significantly greater th an  
the upward curren t density in an FT E  current system , the positive Z  com ponent 
pertu rbation  spreads over a much wider ground area.
In conclusion, the ground m agnetic signatures of the F T E  m odel proposed 
by Kan  [1988] are shown to be characteristically different from  the m agnetic sig­
natures of the  tw o previously proposed F T E  models [Saunders et al., 1984; Lee, 
1986; Southwood,  1985, 1987] which were modeled by McHenry and Clauer [1987]. 
The current system  in Kan's  FT E  m odel is m ore readily detectable by the  ground 
m agnetom eters, since its  ground m agnetic pertu rba tions are the  strongest and 
cover the largest area  com pared w ith the m agnetic pertu rba tions produced by the 
other two F T E  models. The predicted m agnetic signatures presented in th is work 
and in McHenry and Clauer's [1987] paper can be used as a diagnostic tool to  test 
the various theories proposed for FTEs.
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C h a p ter  5. In tera ctio n s  B e tw een  A lfven  W aves an d  D o u b le  Layers
5 .1 . In tr o d u ctio n
The im portance of Alfven waves in the M-I coupling has been shown in pre­
vious chapters and by others [Scholer, 1970; Maltsev et al., 1974; Mallinckrodt 
and Carlson, 1978; Miura and Sato, 1980; Goertz and Boswell, 1979; Kan,  1982; 
Lysak and Dum,  1983; Kan and Sun,  1985; Lysak, 1986; Kan,  1988]. The field- 
aligned po ten tial drop is an im portan t element on auroral field lines. Therefore, 
interactions between Alfven waves and field-aligned po ten tia l drops can be of fun­
dam ental im portance in the M-I coupling processes.
A field-aligned potential drop can be m aintained either by the  anomalous 
resistivity process or by the nonresistive double layer process [Kan, 1982]. In ter­
actions between Alfven waves and  a resistive potential drop have been analyzed 
by Lysak and Dum  [1983] in a local model. Interactions betw een Alfven waves and 
a nonresistive double layer have not been studied in e ither a  local model or as a 
com ponent in global M-I coupling model. Note th a t in the M -I coupling model pre­
sented in previous chapters, we have included the effects of field-aligned potential 
drop on the ionization of the ionospheric conductance, b u t we have not considered 
the in teractions between Alfven waves and field-aligned po ten tia l drops.
Field-aligned potential drops on auroral field lines have been observed to 
be localized in tens of Debye lengths [Temerin et al., 1982], bu t have also been 
observed to  be extended to  abou t 1 R & or more [Mizera and Fennell, 1977]. If the 
auroral potential drop is associated with double layer process, the former can be
94
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called a  “localized” double layer, the la tte r  called the an “extended” double layer. 
In this chap ter, we form ulate a local model to  study the interactions between 
Alfven waves and  a 1-D localized double layer. The interaction is a  two-way 
process: the  transm ission and the  reflection of Alfven waves by the double layer 
depends on the  pre-existing double layer po ten tial, and the  field-aligned current 
and  the  perpendicu lar electric field of the resulting waves in tu rn  modify the  double 
layer po ten tia l. The transm itted  waves and the reflected waves which carry  the  
inform ation of the  double layer then  propagate towards the ionosphere and  the 
m agnetosphere respectively, which can produce some features associated w ith  the  
double layer in the ionosphere and the m agnetosphere. The results presented in 
this chap ter can be an  useful first step for developing a more realistic m odel of 
in teraction  between Alfven waves and an extended double layer po ten tia l, and 
for building th e  in teraction  between Alfven waves and field-aligned po ten tial drop 
into global M-I coupling models.
T he chap ter is organized in the following way. Section 5.2 presents a  brief 
in troduction  of the m ajor features of the field-aligned potential drop and  the 
proposed m echanism s for originating and m aintaining the field-aligned po ten tial 
drop. In section 5.3, a local model of the interactions between Alfven waves and 
a 1-D localized double layer is presented. The m athem atical form ulation of the 
model and  the  features of the interactions resulting from the num erical calculation 
will be displayed in this section. Section 5.4 sum m arizes the m ajor features of the 
in teractions betw een Alfven waves and a localized double layer and discusses the 
im plications of the model results.
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5 .2 . F ie ld -A lig n e d  P o te n t ia l D ro p
Discrete au ro ra  are curtain-like forms extending over a  few 1000 km in the 
east-west direction. The precip ita ting  electrons responsible for producing the dis­
crete aurora show a  characteristic peak a t energies ~  1 to  10 keV, indicating th a t 
the precip ita ting  electrons have been accelerated th rough  a  field-aligned potential 
drop of 1 to  10 kV [Kan,  1982].
The perpendicular scale length of the auroral po ten tial drop ranges from  ~  
100 m on the  arc-elem ent scale [Davis, 1978] to  ~  100 km on the inverted V 
scale [Frank and Ackerson,  1971]. O bservations indicate th a t the field-aligned 
scale length of the auroral po ten tia l drop can be around tens of Debye lengths 
[Temerin et al., 1982] in some cases, bu t can also be as large as 1 R e  or more 
[Mizera and Fennell, 1977].
Field-aligned po ten tia l drops can be forced into existence by the loss-cone 
constriction effect due to  converging geom agnetic field [Knight, 1973; Fridman  
and Lemaire,  1980; Lyons,  1980]. The loss-cone lim its the precipitating electron 
flux and  thereby the field-aligned current to the  therm al flux of electrons whose 
pitch angles fall w ithin the loss-cone. If the  field-aligned current required by the 
ionosphere exceeds the loss-cone therm al flux lim it, the requirem ent can be m et by 
establishing a  field-aligned potential drop to  accelerate electrons into the loss-cone 
and thus increase the  precip ita ting  electron flux to  carry the field-aligned current 
as required by the ionosphere. Thus, po ten tia l drops along converging field lines 
are required if the upw ard field-aligned current density is to  exceed the loss-cone 
limit.
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Several m echanism s m aintaining the field-aligned po ten tia l drop have been 
proposed, nam ely: (1) the double layer process; (2) the anom alous resistivity pro­
cess; (3) the e lectrosta tic  shock process; and (4) therm oelectric po ten tia l process. 
Only the first tw o processes are associated w ith field-aligned curren t. A double 
layer is a  po ten tia l struc tu re , characterized by two layers of space charge, self- 
consistently supported  in a current-carrying plasm a. F igure 5.1 is a schem atic 
diagram  showing the typical structu re  of a double layer. Note th a t the down­
ward re tu rn  curren ts are located on bo th  sides of the upw ard current in this 
potential drop struc tu re . In the  anom alous resistivity process, the field-aligned 
potential drop is supported  by anomalous resistivity, which is a  consequence of 
plasm a turbulence in which current carrying electrons are scattered  and slowed 
down by collisions w ith  wave electric fields. Depending on w hether or not there 
is resistivity in the  process, a double layer process can lead to  a nonresistive field- 
aligned po ten tial drop and  an anom alous resistivity process can lead to  a resistive 
field-aligned po ten tia l drop.
5 .3 . I n te r a c tio n s  B e tw e e n  A lfven  w aves and  a 1 -D  L o ca lized  D o u b le  
Layer
5 .3 .1 . B a s ic  M o d e l
In this subsection we form ulate a model for the in teractions between Alfven 
waves and  a  localized double layer based on the  MHD equations. To focus on 
the m ost fundam ental n a tu re  of the interaction between an Alfven wave and the 
double layer, th e  following assum ptions are introduced:
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Fig. 5.1. Schem atic diagram  of the double layer s tructu re .
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(a) The m edium is assumed to  be uniform. This simplifying assum ption is 
introduced to  exclude partia l reflection of Alfven waves due to  nonuniform ity along 
the field lines. P artia l reflections in reality are probably small com pared w ith the 
reflections from the double layer.
(b) The double layer is assum ed to  be a th in  layer and  to  obey the current- 
voltage relationship due to  the loss-cone constriction effect [Knight , 1973; Fridman  
and Lemaire, 1980; Lyons,  1980].
(c) The subsequent reflections from the m agnetosphere and the  ionosphere 
are excluded. This assum ption allows us to  focus on the  in teractions between 
an Alfven wave and the double layer w ithout the involvement of a  specific m ag­
netosphere and a specific ionosphere. Due to  the assum ption, the in itia l model 
has to be tim e-independent, bu t it does expose the fundam ental n a tu re  of the 
interactions.
Potential drop along converging field lines is required to allow the upward 
field-aligned current density to  exceed the loss-cone lim it [Knight, 1973; Fridman  
and Lemaire, 1980; Lyons,  1980], The resulting current-voltage relationship is 
nonlinear and depends on the a ltitu d e  of the potential drop [Yamamoto and Kan,
1985]. As a first approxim ation, the current-voltage relationship of a  double layer 
can be approxim ated by
Jll =  G+$h J\\ > 0
(5.1)
J,, =  G L$h J\\ < 0
where G+ — 10-8 to  10-9  mho m -2 [Lyons et al., 1979; H 'etmer, 1985] and 
G _ »  G+. The field-aligned current Jf| >  0 is chosen for upward current, flowing
99
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away from the  ionosphere; the po ten tial drop $y >  0 is chosen for potential rise 
tow ard the ionosphere. For J\\ < 0, $y <  0 which is of no im portance as far 
as acceleration of auroral electrons are concerned. The absolute value of # || is 
negligible for /y  <  0 because G -  »  G+. Thus, for all p ractical purposes we 
assume $y «  0 for J || <  0.
The field-aligned potential drop can be w ritten  as
$„ =  $ i  -  (5.2)
where and $ m are respectively the  potentials on the m agnetospheric and iono­
spheric sides of the double layer. Taking gradient of (5.2) perpendicular to  the 
field lines, one obtains
E m — Ei  =  V x $ |( (5.3)
where E m and  E^ are perpendicular to  the  am bient m agnetic field.
The field-aligned current carried by an Alfven wave can be w ritten  as (refer 
to chapter 2)
J U  = ± X AV ± - E A (5.4)
where ” and  signs are respectively defined for downgoing (tow ard the
ionosphere) and  upgoing (away from the ionosphere) Alfven waves in the northern  
hem isphere, E A =  (/x0V a)_1, Va  =  B 0/ ( / i0p )1/2 is the  Alfven speed, B 0 is the 
am bient field m agnitude, p is the mass density and p,a is the perm eability of free
space in M K S  units. For VA = 1000 to 2000 km /sec, H,A = 0.5 to  1 mho.
In the presence of an Alfven wave, equation (5.1) can be rew ritten  as
i n o
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= G - 1( J l]o + Jf,) (5.5)
where «7|j0 =  G0$ ||0 is the  curren t-potential relationship prior to  the arrival of the 
Alfven wave, while Jjj is the net field-aligned current of the wave and $j| is the 
po ten tial drop due to  the  Alfven wave. B oth  G a and G  can be spatial functions, 
whose values are determ ined  by the signs of th e  field-aligned currents, as defined in 
equation (5.1). T he d istribu tion  of G a is determ ined by J^a, and the d istribu tion  
of G is determ ined  by the  to ta l current (J ||„  By using the relationship
J ||0 =  G0$ | |0, equation  (5.5) can be rew ritten  as
* |, =  +  (5.6)
In th e  presence of Alfven waves, equation  (5.3) can  be rew ritten  as
E mo +  E'm -  E io -  e ;  =  V ± $ „ 0 +  V j * !  (5.7)
Since E mo — E,,, =  V x $ ||0 is f°r the pre-existing fields and double layer po ten tia l, 
equation (5.7) is reduced to
E'm — E'i =  (5.8)
where E ^  an d  E'  ^ are the  Alfven wave electric fields on the m agnetospheric and 
ionospheric sides of the  double layer.
A fter th e  in teraction  between the Alfven wave and the  double layer, the  
current continuity  equation in the  MHD plasm a requires th a t the field-aligned 
current of th e  wave m ust be equal on th e  two sides of the double layer, i.e.,
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J|| = A m  = J l\i (5‘9)
where J ||m and Jjj^ are associated with the Alfven wave electric fields E'm and E  ^
respectively. Equations (5.4), (5.6), (5.8), and  (5.9) are the governing equations 
for the in teraction  between an Alfven wave and a nonresistive localized double 
layer.
Since the  subsequent reflections of the Alfven waves from  the m agnetosphere 
and the ionosphere are excluded in the present m odel, the m ost in teresting  s itu a ­
tion m ust be the  in teraction  between a downgoing (or incident) Alfven wave with 
a large scale upw ard field-aligned current and a  double layer po ten tia l drop. In 
such a  case, we have
E ^ = E< + Er
(5.10)
E' = E*
where E 1, E r and E* are the incident, the reflected and the  tran sm itted  wave 
electric fields respectively. Inserting (5.10) into (5.8) leads to
Er + E‘ -  E 1 =  V i $ |  (5.11)
Equation (5.9) can be rew ritten  as
A = • ¥  +  « ¥  =  A* (5 -1 2 )
S ubstitu ting  (5.4) into (5.12) yields
/,l =  1  -(Er -  E ‘) =  - £ a V x • E* (5.13)
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Inserting (5.13) in to  (5.6) yields
=  J U G ' 1 -  G o - 1) -  G ~ 1Z a V ± • E* (5.14)
By elim inating E r and from  equations (5.11), (5.13) and  (5.14) and using (5.4), 
we obtain
G -1 V 2 J,,* -  2 S a " 1 J ,,1 =  ( G o - 1 -  G -1 )V 2 J„0 -  2 J, , ’ (5.15)
Equations (5.4) (5.5) (5.12) and  (5.15) form the final working equations for 
the in teraction between an incident Alfven wave and a localized double layer.
The num erical procedure for solving the  above working equations can be 
sum m arized as the follows. F irst of all, equation (5.15) is solved w ith an arb itra ry  
initial constant G (either G+ or G _ ), where J„0 and  J ,,1 are given, and Ga is 
chosen to  be consistent w ith  J„0. An updated  G is then  obtained in term s of the 
calculated to tal current ( J ,|0 4- ^7,,*), where the  d istribution  of G is consistent w ith 
the d istribu tion  of to ta l current. Then (5.15) is solved again w ith an updated  
G. This kind of ite ra tion  goes on until self-consistent solutions of J,,* and G are 
achieved. W ith  the self-consistent solutions of J,,* and G, the field-aligned current 
carried by the  reflected wave can be calculated from (5.12). T hen  (5.4) is solved to 
obta in  the incident, the  reflected and  the tran sm itted  wave electric fields. Finally, 
the modified double layer po ten tia l can be obta ined  from (5.5).
5 .3 .2 . N u m e r ic a l  R e s u l t s
A cartesian  coordinate system  is adopted in which the  X  axis points to  the
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north , the  Y  axis points to the east, and the Z  axis is downward along m agnetic 
field lines. In th e  present model, a pre-existing localized double layer is trea ted  as 
a th in  layer w ith  zero thickness in Z  direction. The double layer is assum ed to  be 
elongated uniform ly in the  east-west direction w ith an  inverted V -shape variation 
of po ten tia l drop in the  north-south  direction. An upw ard field-aligned current 
flows along the  central p art of the pre-existing double layer w ith downward field- 
aligned currents on bo th  edges. In the most interesting situations, the  incident 
Alfven wave associated w ith enhanced convection is assum ed to carry  large scale 
upw ard field-aligned current.
Figure 5.2 shows the case in which an  incident Alfven wave carrying uni­
form upw ard field-aligned current interacts w ith a pre-existing double layer w ith 
a m axim um  field-aligned poten tial drop of around 1.5 kV. The m eanings of dif­
ferent curves are shown by the figure legend.
The bo ttom  panel of Figure 5.2 shows the features of the wave electric fields 
during the in teraction. The result shows th a t the propagation of an incident 
Alfven wave can be partially  blocked by a nonresistive double layer po ten tia l, and 
the wave is split in to  a  reflected wave and a transm itted  wave. It is found th a t 
there is no wave energy absorption during such an in teraction process since the 
double layer under study is nonresistive, which is in contrast with the interactions 
between an Alfven wave and an anom alous resistivity poten tial drop [Lysak and 
Dum,  1983]. One im portan t feature is th a t the perpendicular electric field of 
the reflected wave is in the same direction as the incident wave. This feature 
suggests th a t during the in teractions between Alfven wave and a  double layer, on 
the m agnetospheric side of the double layer, an intensified convection field should
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Fig. 5.2. The case in which an incident wave carrying uniform  up ­
w ard field-aligned current in teracts w ith a  double layer w ith a m ax­
im um  field-aligned potential drop of 1.5 kV.
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appear w ith a relatively weak convection field on the  ionospheric side.
T he above reflection and transm ission characteristics of an Alfven wave have 
significant consequences for the  m agnetosphere-ionosphere coupling processes. As 
shown by the bo ttom  plot in Figure 5.2, on the field lines w ithout po ten tial drop, 
an enhanced m agnetospheric convection carried by Alfven waves can propagates to 
the ionosphere w ithout any reflection and  directly drive the ionospheric dynam ical 
processes. Because of the  finite ionospheric conductance, the ionosphere in tu rn  
drags the enhanced m agnetospheric convection and reduces the m agnetospheric 
electric field th rough the reflected wave field from the ionosphere. But on the 
field lines w ith double layers, the s itua tion  is to tally  different. On one hand, the 
ionosphere can not receive the full inform ation of th e  enhanced m agnetospheric 
convection because of the strong reflection of Alfven waves by double layers. On 
the o th e r hand , the m agnetosphere is decoupled from  the ionospheric drag by 
double layers. Such a decoupling can lead to sm all scale intensified flow in the 
m agnetospheric convection, which has been shown by the resulting electric field 
feature in  which the  reflected field and the incident field reinforce w ith each other. 
The intensified perpendicular electric field in the  m agnetosphere were observed 
by the  ISEE 1 [Cattell et al., 1982] and S3-3 satellites [Mozer et al., 1980]. The 
model result given above could provide a possible explanation for these observed 
m agnetospheric features.
T he middle panel of Figure 5.2 shows the features of field-aligned currents 
during the in teractions. The result shows th a t on the field lines w ith double 
layer, the  field-aligned currents carried by the reflected wave flow downward in the 
central part of the  double layer while flowing upw ard on the  edges. Since Jy* =
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J||* +  / | | r , the  field-aligned current associated w ith  the  transm itted  wave has a 
sim ilar s tru c tu re  w ith the  field-aligned current associated w ith the reflected wave. 
These field-aligned current features can be explained in term s of the relationship 
between the  wave electric field and the associated field-aligned current. Since 
in the  cen tral p a rt of the  double layer J | |r is downward, the  reflected wave field 
m ust have a  negative slope according to  equation (5.4). O n the  field lines w ithout 
po ten tial drop, the  incident wave field is und istu rbed , therefore, the reflected wave 
field m ust go back to  zero at the edges of the double layer through a positive slope. 
In term s of equation  (5.4), the reflected wave field w ith  a  positive slope m ust then  
carry an upw ard field-aligned current. On the  field lines w ithout a double layer, 
reflected wave field is zero, therefore J\\r m ust be zero as shown in the middle 
panel. T he final to ta l field-aligned current is the  sum  of the  pre-existing field- 
aligned cu rren t and the field-aligned current carried by the  transm itted  wave.
These features show th a t the downward field-aligned current carried by the 
reflected wave can suppress the pre-existing upw ard field-aligned current and  flat­
ten the cu rren t d istribu tion  in the central region of the double layer. On the  other 
hand, the  sm all scale upw ard field-aligned current also carried by the reflected 
wave can leads to  intensified small scale upw ard field-aligned current a t the  edges 
of m odified double layer.
T he top  panel of Figure 5.2 shows the features of the potential drop during 
the in teractions. T he result shows th a t an incident Alfven wave can also m odify a 
double layer po ten tia l while the  wave is partially  blocked by the  double layer. Due 
to the characteristics of th e  field-aligned currents associated w ith  the  reflected and 
the tran sm itted  waves, the  central p art of the pre-existing double layer po ten tia l
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is suppressed and  flattened, and small scale intensified poten tial drops appear 
at the bo th  edges of the double layer. The small scale intensified upw ard field- 
aligned currents and poten tial drop resulting from the in teractions between an 
Alfven wave and  double layer can probably be used to  explain the observed thin 
east-west aligned structures of discrete aurora.
Figure 5.3 shows the  case in which an incident Alfven wave carrying uni­
form upward field-aligned current in teracts w ith a pre-existing double layer with 
a m axim um  field-aligned poten tial drop of around 1 kV. C om paring Figure 5.3 
w ith Figure 5.2 shows th a t increasing the strength  of a double layer at a  fixed 
scale size leads to  stronger reflected wave field and weaker tran sm itted  wave field, 
which means th a t a strong decoupling occurs between the  m agnetosphere and  the 
ionosphere when there is a strong double layer.
The cases shown by Figures 5.4, 5.5 and  5.6 display the effects of the per­
pendicular size of the double layer during the interactions. Figure 5.4 shows the 
case in which the ratio  between the wave length of the incident Alfven wave and 
the perpendicular size of the double layer ip =  15. Figure 5.5 shows the case with 
ip — 8 and the  same of double layer strength  as in Figure 5.4, and Figure 5.6 
shows the case with ip = 4. From the com parison am ong these cases, we can see 
th a t for a  double layer w ith a given m axim um  poten tial drop, a sm aller perpen­
dicular size can lead to a much stronger downward field-aligned current carried 
by reflected wave in the  central p art of the double layer. This a  result can be ex­
plained in the following way. As shown in Figure 5.2 and 5.3, for a given incident 
Alfven wave, a  stronger double layer po ten tial drop leads to  a  reflected wave with 
a larger am plitude. Therefore if the incident wave and the  s treng th  of a double
1 0 8
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Fig. 5.3. Same as Figure 5.2 except the m axim um  potential drop of 
a double layer is 1 kV.
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Fig. 5.4. The case for displaying the effects of perpendicular scale 
size of double layer, in which the ratio  between the wave length of 
the incident Alfven wave and the perpendicular scale size of double 
layer =  15.
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Fig. 5.5. Same as Figure 5.4 except ip =  8.
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Fig. 5.6. Same as Figure 5.4 except ip = 4.
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layer po ten tial drop are fixed, the  am plitude of the  reflected wave from the  double 
layer should be also fixed. Since the perpendicular sizes of double layers in these 
cases are different, according to  equation (5.4), w ith the reflected waves of the 
same am plitude, a double layer w ith a  sm aller perpendicular size m ust have a 
stronger downward field-aligned current carried by the reflected wave. An espe­
cially in teresting  feature shown in Figure 5.4 is th a t the downward current in  the 
central p a rt is so strong as to  to tally  split the pre-existing double layer, leading 
to  a tw in double layer. In the present m odel, we have not included the m agneto­
sphere and  the  ionosphere, therefore th e  in teraction  between an Alfven wave and 
a double layer can only take place once. W ith  the inclusion of the m agnetosphere 
and the  ionosphere, an Alfven wave can bounce between the m agnetosphere and 
the ionosphere, and  so modify a  double layer more than  once. T hen the  resu ltan t 
twin double layer probably can be further split into four or more double layers 
aligned parallel in no rth -sou th  direction. Since the ionosphere can dam p the  re­
flected Alfven wave, the tw inning process will eventually cease and leave multiple 
double layers. It is com monly accepted th a t m ultiple discrete auroral arcs are 
caused by some instability  along m agnetic field lines. But our result suggests th a t 
m ultiple discrete auroral arcs can be due to  the multiple interactions between 
Alfven waves and  a pre-existing single double layer.
5 .4 . S u m m ary
T he in teraction  betw een Alfven waves and  a  1-D localized double layer has 
been studied w ith the exclusion of the  m agnetosphere and the  ionosphere. A
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num ber of conclusions m ay be drawn from the  num erical results of the model.
(1) T he propagation  of an incident Alfven wave can be partially  blocked by 
a  nonresistive double layer potential, and splitting  the wave into a reflected wave 
and  a  tran sm itted  wave. There is no wave energy absorption during th is process.
(2) T he perpend icu lar electric field of the reflected wave is in the sam e di­
rection as th a t of the  incident wave. A direct result is th a t a double layer can 
decouple the  m agnetosphere from the ionospheric drag and  lead to  small scale 
intensified flow in the  m agnetospheric convection. For a given incident wave, in­
creasing th e  streng th  of the  double layer leads to  a stronger reflected wave field and 
a weaker tran sm itted  wave field, therefore causing a stronger decoupling between 
the m agnetosphere and  the ionosphere.
(3) T he field-aligned currents carried by the reflected wave flow downward in 
the central p a rt of a  double layer while flowing upw ard on the edges w ithin a  small 
spatial range. The double layer is thereby suppressed in the central p art and is 
enhanced on th e  bo th  edges. The enhanced small scale potential drop on the  edges 
of a double layer due to  the  intensified small scale upw ard field-aligned current 
can probably  be used to  explain the observed th in  east-west aligned structu res of 
discrete aurora.
(4) For a  small perpendicular size double layer, the downward current carried 
by the reflected wave is so strong as to to tally  split the pre-existing double layer, 
leading to  a tw in double layer. Once the m agnetosphere and the ionosphere are 
included, the  Alfven wave can be expected to  bounce between the m agnetosphere 
and the ionosphere, and  modify a double layer more than  once. The resulting  twin 
double layer probably can be fu rther split into four or more sm all scale double
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layers. Such a tvyinning m echanism  due to  m ultiple interactions between Alfven 
waves and double layers m ight be used to explain the  origination of multiple 
discrete aurora.
As we said before, the present model is only a  first step for studying the in ter­
actions betw een Alfven waves and double layers. F u rther work needs to  be done 
before we can ob ta in  a com plete physical understanding of this topic, specifically:
(1) Inclusion of the  m agnetosphere and the ionosphere into the interaction 
process, and studying the  evolutionary behavior of Alfven waves and a double 
layer while the  Alfven waves are bouncing around between the m agnetosphere 
and the ionosphere. At this stage, the m agnetosphere and  the ionosphere are not 
necessarily involved in the  dynam ical processes.
(2) Building the in teractions between Alfven waves and a double layer into 
the global dynam ical M-I coupling system, and studying the effects of such an 
in teraction  on the whole M-I coupling system.
(3) Using the results of present model as a  basis, studying the behavior of 
the in teractions between Alfven waves and an extended double layer.
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C h a p ter  6. S u m m a r y  an d  C o n c lu s io n s
T he final link of the so lar-terrestria l chain is the m agnetosphere-ionosphere 
(M -I) coupling, which encom passes a  com plicated set of in teracting  physical pro­
cesses occurring on vastly different tem poral and  spatia l scales and  has been a  m a­
jo r focus of the space research. The basic idea of the  M-I coupling can be traced 
back to  the  pioneering work of Axford and Hines  [1961]. Recent quan tita tive  de­
velopm ents of the  M-I coupling m odel include th e  Rice convection model [Harel et 
al., 1981; Spiro et al., 1981; Wolf  et al., 1982], the local westw ard traveling surge 
(W TS) m odel [Rothwell et al, 1984], th e  MHD sim ulation model [ Watanabe et al.,
1986], and  the transien t response m odel on the Alfven wave traveling tim e scale 
[Kan and Sun,  1985; Kan  et al., 1988]. Due to  the com plexity of the M-I system , 
each proposed model can only em phasize certain  aspects of the M-I coupling sys­
tem  and display p a rt of th e  global features of th e  M-I coupling processes. The 
M-I coupling system  is like a  big puzzle, which can only be built up one piece at 
a tim e in a  self-consistent way. The objective of th is thesis is to  add a  few pieces 
to  the  puzzle and  to  gain a  b e tte r  understand ing  of the  M-I coupling processes 
th rough num erical modeling.
A global M-I coupling model of substorm s on the  ionospheric recom bination 
tim e scale is presented in chap ter 2, which is the  extension of the M-I coupling 
m odel of substorm s on the Alfven wave traveling tim e scale [Kan et al., 1988]. 
T he m a jo r con tribu tion  of the  m odel is the inclusion of the  finite ionospheric 
recom bination tim e scale in  the  M-I coupling processes. T he model results show 
th a t highly localized discrete auroral structu res align along the  poleward boundary
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of the diffuse au ro ra  in the evening-m idnight sector. Such localized features were 
observed in the Viking im ager da ta . In the m odel, the  localized bright features 
of discrete au ro ra  are produced by the  positive feedback in teractions between the 
field-aligned currents and the nonuniform  and anisotropic ionospheric conductance 
associated w ith local recom bination tim e scales. T he results also show th a t the 
bright discrete auroral arc near m idnight suddenly s ta rts  moving westward when 
the auroral brightness increases to  a certain  level. T he moving discrete aurora has 
an in itia l velocity of around 2 km s -1 bu t gradually  slows down and dims. This 
feature can be in terp reted  as the westward traveling surge. Following passage of 
the surge, several localized auroral arcs rem ain along th e  auroral oval, and the 
most active auroral region shifts from  prem idnight tow ard the evening sector. A 
m echanism is proposed to  explain th e  m otion of th e  westward traveling surge. 
A nother interesting result from  the  M-I coupling m odel of substorm s is th a t the 
polar cap po ten tia l $ pc, in response to  the enhanced m agnetospheric poten tial
imposed by the reconnections on the  dayside m agnetopause, tends to  sa tu ra te  
a t large values of $ mR. The higher the  diffuse auroral conductance, the  lower the 
sa tu ra tion  level of the polar cap potential.
In  chapter 3, the M-I coupling model presented in chapter 2 is extended to  
northw ard IM F conditions to  study th e  effects of M-I coupling on high-latitude 
convection. Based on the model results, a m echanism  for th e  origination of the 
d isto rted  two-cell ionospheric convection is presented. We propose th a t four-cell 
convection p a tte rn s , im posed on the  m agnetosphere by the solar wind during 
a northw ard IM F, can be d isto rted  into w rapped  two-cell convection pa tte rn s 
which are sim ilar to  the em pirical d isto rted  two-cell convection p a tte rn s  deduced
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by H eppner and M aynard [1987]. The convection d istortions are caused by the 
anisotropic reflections of Alfven waves due to  the  existence of the anisotropic and 
nonuniform  ionospheric conductance. The m odel results display the features of 
the th e ta  aurora  when the IM F is nearly northw ard . It is found th a t when B y is 
positive, the downward region 1 current has an  expansion tow ards th e  polar cap in 
the prenoon sector, and when B y is negative, th e  upw ard region 1 current has an 
expansion tow ards the  polar cap in the  prem idnight sector. T he distributions of 
the resulting field-aligned currents in the m odel are consistent w ith the observed 
current d istribu tions, including the NBZ curren ts, during northw ard  IM F.
The role of the  dayside dynam ics in the global M-I coupling has not been well 
explored. One of the  possible dynam ic processes for transferring  the energy and 
m om entum  of the  solar wind to  the m agnetosphere through day side m agnetopause 
is flux transfer events (F T E s). In chapter 4, the  ionospheric and  ground signatures 
of m ultiple field-aligned current sheets, which orig inated  from  dayside FT E s, are 
modeled in a  local frame. The results show th a t the H  com ponent of m agnetic 
pertu rba tion  associated w ith  multiple field-aligned current sheets dom inates the  Z  
and D  com ponents. The H  com ponent of the F T E  induced p ertu rba tion  is highly 
localized and is confined to  a region ju s t under the  m ultiple current sheets. The 
Z  com ponent of the pertu rba tion  is weaker and  less confined com pared w ith the 
H  com ponent. T he m agnetic p ertu rba tion  of the D  com ponent associated with 
m ultiple field-aligned current sheets is probably too weak to  be detectable, bu t 
it has some very fine structu res which can reflect the  characteristics of individual 
F T E  flux tubes. The model results also show th a t when the upw ard current 
density is significantly greater th an  the downward current density in the  FT E
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current system , the  negative Z com ponent p ertu rba tion  spreads over a much wider 
area than  the  positive Z com ponent pertu rba tion . O n the o ther hand, when the 
downward curren t density is significantly greater th an  the  upw ard current density 
in the F T E  curren t system , the positive Z com ponent p ertu rb a tio n  spreads over a 
much wider ground area th an  the negative Z com ponent p ertu rba tion . It is found 
th a t if the curren t density of m ultiple field-aligned curren t sheets is greater than
1.5 /iA /m 2, w ith  a  longitudinal size of an  individual curren t sheet being larger 
than  100 km  and  a la titud inal w idth being larger th a n  30 km , then  the ground 
magnetic signature associated w ith m ultiple field-aligned current sheets probably 
could be identified from m agnetom eter records.
Finally, a  study  of the interactions between Alfven waves and a localized 
double layer is conducted in chapter 5. The results show th a t the  propagation of 
an incident Alfven wave can be partially  blocked by a  nonresistive double layer 
potential, w ith the  wave being split into a reflected wave and  a transm itted  wave. 
There is no wave energy absorption during such an in teraction  process. The 
perpendicular electric field of the reflected wave is in  the sam e direction as the 
incident wave. A direct result from such a reflection is th a t double layer can 
decouple the m agnetosphere from the ionospheric drag, and  hence lead to small 
scale intensified flow in the m agnetospheric convection p a tte rn . For a given inci­
dent wave, increasing the streng th  of a double layer leading to a  stronger reflected 
wave field and  a  weaker transm itted  wave field, therefore leads to  a stronger de­
coupling betw een the m agnetosphere and the ionosphere. The results also show 
th a t the field-aligned currents carried by the reflected wave flow downward in  the 
central part of a double layer while flowing upw ard on th e  edges. The double
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layer is thereby suppressed in  the central part and is enhanced on the edges. The 
enhanced small scale po ten tial drop on the edges of a double layer due to  an in ten­
sified small scale upw ard field-aligned current can probably be used to  explain the  
observed thin east-w est aligned structu res of discrete aurora. An interesting thing 
is th a t for a sm all perpendicular size double layer, the  downward current carried 
by the reflected wave is so strong as to  to tally  split the  pre-existing double layer, 
leading to  a tw in double layer. Once the m agnetosphere and the ionosphere are 
included, an Alfven wave can be expected to  bounce between the m agnetosphere 
and the ionosphere, and modify a double layer m ore th an  once. The resulting twin 
double layer probably can be fu rther split into four or more small scale double 
layers. Such a tw inning m echanism  of double layers due to  m ultiple interactions 
between Alfven waves and  double layers might be used to  explain the origination 
of m ultiple discrete aurora. The work presented in chap ter 5 can be used as a 
basis for building the in teraction  between Alfven waves and  field-aligned potential 
drops into a global M-I coupling model.
A fter decades of space research, it is clear th a t significant strides have been 
m ade in the global quan tita tive modeling of the  m agnetosphere-ionosphere cou­
pling. However, due to the com plexity of the sub ject, it is clear th a t much work 
rem ains before a  com plete understanding is achieved.
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A p p en d ix : C o m p u tin g  C o d e  o f  th e  M -I C o u p lin g  M o d e l  
o f  S u b sto rh is
c ******************************************************
c The  fo llo w in g  i s  a computing code o f th e  M - I c o u p lin g
c model o f aubstorm e on th e  io n o sp h e ric  re c o m b in a tio n
c t im e  sc a le .
c The  p re se n t v e r s io n  o f the  code was produced in  June ,
c 1989 and was documented in  J u ly  1990 .
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c C om puta tiona l g r id s :
c The  code u se s  p o la r c o o rd in a te  to  d is t r ib u t e
c c o m p uta tio na l g r id s .  The g r id s  are  d is t r ib u t e d
c u n ifo rm ly  b o th  in  r a d ia l d ire c t io n  and in
c a z im u th a l d ire c t io n .  The r a d ia l d im e n sio n
c m easures th e  la t it u d e s  re p re se n te d  by v a r ia b le  I ,
c where I  s t a r t s  a t 90 degree
c and ends a t SO degree w ith  t o t a l  41 p o in t s ,
c The  a z im u th a l d im e nsio n  m easures th e  m agnetic
c lo c a l t im e s  re p re se n te d  by v a r ia b le  J ,  where
c J s t a r t s  a t noon and in c re a se s  in  th e  c o u n te r-
c c lo c k w ise  d ire c t io n  w ith  t o t a l  48 p o in t s ,
c ********************************************************
c
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c D e f in i t io n s :
c SHO: Background H a l l  conductance,
c SPO: Background Pedersen conductance,
c SO: Io n iz a t io n  source te rm  d u rin g  q u ie t  t im e ,
c ERO: R a d ia l component o f th e  e le c t r ic  f ie ld
c p r io  to  the  convection enhancement,
c E F IO : A z im u th a l component o f the  e le c t r ic  f ie ld
c p r io  to  th e  convection enhancement.
c FEO : F ie ld - a l ig n e d  c u rre n t  d i s t r ib u t io n  p r io
c to  th e  convection enhancement.
c F E :  F ie ld - a l ig n e d  c u r re n t ,
c FEO : F ie ld - a l ig n e d  c u rre n t  due to  th e
c d ive rg e nc e  o f th e  H a l l  c u r re n t s .
1 2 1
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c F E P : F ie ld - a l ig n e d  c u r re n t s  due to  the
c d ivergence o f th e  Ped ersen c u r r e n t s .
c H I : R a d ia l component o f h o r iz o n t a l c u r re n t s .
c F I : A z im u th a l component o f h o r iz o n t a l c u r re n t s .
c R IH : R a d ia l component o f H a l l  c u r r e n t s .
c R IP : R a d ia l component o f Ped ersen c u r re n t s .
c F IH : A z im u th a l component o f H a l l  c u r re n t s .
c F IP : A z im u th a l component o f Ped ersen c u r re n t s .
c A JE : Jo u le  d is s ip a t io n  ra te .
c ER : R a d ia l component o f e le c t r ic  f ie ld .
c E F I : A z im u th a l component o f e le c t r ic  f ie ld .
c D IV E : D ivergence o f e le c t r ic  f ie ld .
c PHP: E le c t r ic  p o te n t ia l a t p re v io u s  t im e  s te p .
c P H T: T o t a l e le c t r ic  p o te n t ia l.
c P H I: E le c t r ic  p o te n t ia l a sso c ia te d  w ith
c downward p ro p a g a ting  waves.
c PHR: E le c t r ic  p o te n t ia l a s so c ia te d  w ith
c upward p ro p a g a ting  waves.
c SH H a l l  conductance.
c SP Ped ersen conductance.
c DSH The change o f H a l l  conductance between
c two su c c e ss iv e  t im e  s te p s .
c DSP The change o f Ped ersen conductance between
c two su c c e ss iv e  t im e  s t e p s .
c SHP H a l l  conductance at p re v io u s  t im e  s te p .
c SPP Ped ersen conductance a t p re v io u s  t im e  ste p
c R R a t io  between th e  H a l l  conductance and
c th e  Ped ersen conductance.
c DR : R a d ia l s p a t ia l s te p .
c D F I : A z im u th a l s p a t ia l s te p .
c DT : T im e  s te p .
c LO : Have t ra v e l in g  t im e .
c HO : T o t a l t im e  s te p s  in  a s p e c if ic  ru n .
c M: G rid  numbers in  a z im u th a l d ire c t io n .
c H : G r id  numbers in  r a d ia l d ire c t io n .
c H : E f f e c t iv e  h e ig h t o f th e  io n iz a t io n  due
c to  the  p re c ip it a t in g  e le c t ro n s .
c E : E le c t ro n  charge.
c B : Background m agnetic f ie ld .
c GAMA : Recom bination c o e f f ic ie n t .
c F E T : Th e rm a l e le c tro c  c u r re n t .
c FEC : E q u iv a le n t s a t u ra t io n  c u rre n t .
c QO: C onstant io n iz a t io n  c o e f f ic ie n t .
c P H IR : A rra y  w hich c o n ta in s  t ra v e lin g  wave f ie ld
c RM: M agnetospheric  r e f le c t io n  c o e f f ic ie n t .
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c
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c D e fin e  th e  d im e n s io n s o f a l l  a r ra y s .
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
COMMOI / P R E /S H 0 (4 1 , 4 8 ) ,S P 0 ( 4 1 ,4 8 ) ,P H 0 ( 4 1 , 4 8 ) , S 0 ( 4 1 ,4 8 ) ,
1 E R 0 (4 1 , 4 8 ) , E F I0 ( 4 1 , 4 8 ) ,F E 0 ( 4 1 ,4 8 )
COMMOI /C U R R /FE (4 1 , 4 8 ) , F E H ( 4 1 ,4 8 ) , F E P ( 4 1 ,4 8 ) ,R I( 4 1 ,4 8 ) ,
1 F I ( 4 1 ,4 8 ) ,R IH ( 4 1 , 4 8 ) , R IP ( 4 1 , 4 8 ) , F IH ( 4 1 , 4 8 ) , F IP ( 4 1 , 4 8 ) ,
1 A J E (4 1 , 4 8 ) ,TF E ,F E M
COMMOI / F IE L D / E R ( 4 1 , 4 8 ) , E F I ( 4 1 ,4 8 ) ,D IV E ( 4 1 ,4 8 )
COMMOI /P H /P H P (4 1 , 4 8 ) ,P H T ( 4 1 ,4 8 ) ,P H I( 4 1 ,4 8 ) ,P H R ( 4 1 ,4 8 )  
COMMOI /C0D/SHC41, 4 8 ) ,S P ( 4 1 , 4 8 ) ,D S H ( 4 i, 4 8 ) ,D S P (4 1 , 4 8 ) ,
1 S H P (4 1 , 4 8 ) ,S P P ( 4 1 ,4 8 )
COMMOI / P A R A / R ,D R ,D F I,D F I2 ,D T ,L O ,1 0 ,M , 1 ,H ,E ,B ,B E T A ,
1 C BETA, GAMA, F E T , FEC , QO
COMMOI / P A R A 1 / L 1 , L 2 , L 3 , L 4 , L 5 , L 6 , L 7 , L 8 , L 9  
COMMOI /D E LA /P H IR (4 1 , 4 8 , 6 0 ) ,R M (4 1 ,4 8 )
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c S p e c ify  c o n sta n t pa ram ete rs
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
M=48
1=41
D F I= 1 . 3 0 8 E -1
D F I2 = D F I* D F I
D R=1. 1311E5
R = 1 . 5E0
H = 7 .E3
B = 0 . S E -4
B E TA = 0 . 9 E -1 3
E = 1 . 6 0 2 2 E -1 9
C B E TA = (B E TA *B )/ (E *H )
GAMA=1.E4 
F E T = 0 .0 8 E -6  
FEC =0. 8 E -6  
Q 0 = 7 .E -3
Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c In p u t t im e  s te p , t ra v e l in g  t im e  and t o t a l  tim e  s te p s
c o f th e  ru n .
c  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
W R ITEC *,1 1 )
11 F0 R M A T(5 X ,’ PLEA SE IH P U T D T , L 0 ,1 0 ,1 1 ’ )
R EA D (* ,1 4 )  D T , L 0 , I0  
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c In p u t s p e c if ic  t im e s  a t w hich you need o u tp u t,
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
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31
32 
14 
c 
c 
c
12
13
15
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
W R ITE ( * ,3 1 )
FO RM A T(5X ,’PLEA SE IH P U T  s p e c if ic  t im e s 1)
R EA D (* ,3 2 )  L I tL 2 , L 3 , L 4 , L 5 , L 6 , L 7  ,L 8  ,L9  
F0 R M A T(9 I1 0 )
FO RM AT(F12.5 ,2 1 1 0 )
* * * * * * *  * * * * * *  * * * * * * * * * * * * * * * * * * * *  * * * * * * *  * * * * * *  * * * * * * * *  
In p u t th e  i n i t i a l  c o n d it io n s  o f the model.
READ( 1 3 ,1 2 ) ( ( S H 0 ( I , J ) , J = 1 , 4 8 ) ,1 = 1 ,4 1 )
READ( 1 5 ,1 2 ) ( ( P H 0 ( I , J ) , J = 1 , 4 8 ) ,1 = 1 ,4 1 )
READ( 1 8 ,1 2 ) ( ( P H I ( I , J ) , J = 1 , 4 8 ) ,1 = 1 ,4 1 )
R E A D ( 1 9 ,1 2 ) ( ( R H ( I , J ) ,J = 1 ,4 8 ) ,1 = 1 ,4 1 )
FORMAT(6E1 8 .5 )
F0R M A T(2E18 .5 )
FORM AT(E18.5 )
******************************************************
C a lc u la te  o th e r q u a n t it ie s  fro m  the  i n i t i a l s .
CALL PRE
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
S t a r t  to  c a lc u la te  th e  tem p o ra l e v o lu t io n  o f th e  
M -I c o u p lin g  p ro c e sse s 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
DO 20 K = 1 ,H 0
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C a lc u la te  th e  uave r e f le c t io n  in  th e  io n o sp h e re . 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
CALL IR E F LE C (K )  
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
c a lc u la te  th e  f ie ld - a l ig n e d  c u rre n t  and th e  
h o r iz o n t a l c u rre n t  by u s in g  t o t a l  e le c t r ic  f ie ld  
and the  conductance. 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
CALL CURR(K)
******************************************************
W rite  th e  o u tp u ts  a t s p e c if ic  t im e s .  
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
IF ( K .E Q .L 1 .0 R .K .E Q .L 2 .0 R .K .E Q .L 3 .0 R .K .E Q .L 4 .0 R .
K . E Q .L 5 . O R .K . EQ. L 6 . OR. K . EQ. L 7 . O R .K .EQ . L 8 . OR. K . E Q ,L 9 ) THEN 
W R IT E (3 1 , 1 2 ) ( ( P H T ( I , J ) , J = 1 ,4 8 )  ,1 = 1 ,4 1 )
W R IT E (4 1 , 1 2 ) ( ( S H ( I , J ) , J = 1 , 4 8 ) ,1 = 1 ,4 1 )
W R IT E (5 1 , 1 2 ) ( ( F E ( I , J ) , J = 1 , 4 8 ) ,1 = 1 ,4 1 )
W R I T E C 6 1 , 1 3 ) ( ( F I ( I , J ) , R I ( I , J ) , 1 = 1 ,4 1 ) ,J = 1 ,4 8 )
W R IT E (7 1 , 1 2 ) ( ( A J E ( I , J ) , J = 1 ,4 8 ) ,1 = 1 ,4 1 )
W R ITEC 81, 1 2 ) ( ( D IV E ( I , J ) , J = 1 ,4 8 ) ,1 = 1 ,4 1 )
1
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ELSE 
R=R 
END IF
c  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c C a lc u la te  th e  enhancement o f the  io n o sp h e ric
c conductance.
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
CALL COHDUC(K)
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c Handle the wave t ra v e lin g  between magnetosphere
c and the  io n o sp h e re .
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
CALL DELAY
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c re s e t  the  re f le c te d  wave.
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
DO 21 1 = 1 ,H 
DO 21 J=1,M 
P H R ( I ,J ) = 0 .
21 CONTINUE
20 c o m  HUE
STOP 
END
C
C
£**********************************************************
SUBRO UTINE PRE
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c T h i s  su b ro u t in e  c a lc u la te  o th e r i n i t i a l  q u a n t it ie s
c fro m  th e  g iv e n  i n i t i a l  c o n d it io n s .
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
COMMON / P R E /S H 0 (4 1 , 4 8 ) , S P 0 ( 4 1 ,4 8 ) ,P H 0 ( 4 1 ,4 8 ) ,S 0 ( 4 1 ,4 8 ) , 
1 E R 0 (4 1 , 4 8 ) , E F I0 ( 4 1 , 4 8 ) ,F E 0 ( 4 1 ,4 8 )
COMMON /C U R R /FE (4 1 , 4 8 ) , F E H ( 4 1 ,4 8 ) , F E P ( 4 1 ,4 8 ) ,R I( 4 1 ,4 8 ) , 
1 F I ( 4 1 ,4 8 ) ,R IH ( 4 1 , 4 8 ) , R IP ( 4 1 ,4 8 ) , F IH ( 4 1 , 4 8 ) , F IP ( 4 1 , 4 8 ) ,
1 A J E (4 1 ,4 8 )
COMMON / F IE L D / E R ( 4 1 , 4 8 ) , E F I ( 4 1 , 4 8 ) ,D IV E (4 1 ,4 8 )
COMMON /PH /PH P( 4 1 ,4 8 ) ,P H T ( 4 1 ,4 8 ) ,P H I( 4 1 ,4 8 ) ,P H R ( 4 1 ,4 8 )  
COMMON /C 0D /SH (41 , 4 8 ) , S P ( 4 1 , 4 8 ) ,D S H (4 1 , 4 8 ) ,D S P (4 1 ,4 8 ) ,
1 S H P (4 1 , 4 8 ) ,S P P ( 4 1 ,4 8 )
COMMON /PA RA /R,D R, D F I , D F I2 , D T ,L O , NO, M, N, H , E , B , B E TA ,
1 C BETA, GAMA, F E T , FEC , QO
COMMON /D E LA /P H IR ( 4 1 ,4 8 , 6 0 ) , RM(4 1 ,4 8 )
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * mm*******
C CALCULATE SPO ,PH P , S H .SP ,D SH ,D SP
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DO 101 1 = 1 ,H 
DO 101 J=1,M 
S P O ( I, J ) = S H O ( I, J ) / R  
PHP C I, J ) =PHO ( I , J )
SH ( I , J ) =SHO( I , J ) 
S P ( I , J ) = S P O ( I , J )  
D S H ( I , J ) = 0 .
D S P ( I , J ) = 0 .
101 COVTIIUE
c  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C CALCULATE ERO.EFIO.SO
c **************************************************
DO 102 J=1,M  
J1=J+1 
J 2 = J - l
I F ( J . E Q . l )  J2=M 
IF ( J .E Q .M )  J l = l
ERO( 1 , J ) = 1 0 0 0 .* ( PHO( 2 , J ) -PHO( 1 , J ) )  /DR 
E F I0 ( 1 , J ) =0.
E R O (H ,J )= 1 0 0 0 .*(P H O (H , J ) -P H 0 ( R - 1 , J ) )/D R  
E F IO (H t J )= lO O 0 .* O .5 * ( P H O ( H ,J l) -P H O (H ,J 2 ) ) / (D R * (H - l) * D F I)  
DO 103 1 = 2 , I - 1 
U = F L 0 A T ( I-1 )
E R 0 ( I , J ) = 1 0 0 0 .* 0 .5 * (P H 0 ( I+ 1 , J ) - P H 0 ( I - 1 , J ) )/ D R  
E F IO ( I , J ) = 1 0 0 0 .* 0 .5 * (P H O ( I, J 1 ) - P H 0 ( I,32))/(U *D R *D F I) 
S O ( I,J ) = ( O .S * ( S B O C I, J 1 ) - S H 0 ( I , J 2 ) ) / (U * D R * D F I) * E R O ( I, J )
1 - 0 . 5 * ( S H 0 ( I+ 1 , J ) - S H 0 ( I - 1 , J ) ) / D R * E F I0 ( I , J ) ) / B
1 + C B ETA *SH O (I, J )+ *2
103 COITIBTUE
S 0 ( 1 , J ) = S 0 ( 2 ,J )
SO(H , J ) = S 0 ( N -1 , J )
102 C O IT IIU E
c ***********************************************
C CALCULATE FEO
***********************************************
DO 104 J=1,M
J1=J+1
J2=J-1
IF(J.EQ.l) J2=M 
IF(J.EQ.M) Jl=l 
DO 105 I=2,H-1 
U=FL0AT(I-1)
U2=U*U
11= 1+1
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12= 1-1
A 2 = 1 . '/ R / ( 2 .* D R ) * ( E R O ( I, J ) + R * E F IO ( I , J ) ) * ( S H O ( I1 ,  J ) -  
1 S H 0 ( I2 , J ) )
A 3 = l. / R / ( 2 . * D F I* U * D R )* ( E F IO ( I , J ) - R * E R O ( I , J ) )+
1 ( S H O ( I, J 1 ) - S H O ( I , J 2 ) )
A 4 = l./R*( ( E R O ( I l , J ) - E R 0 ( I2 , J ) ) / ( 2 . * D R ) + ( E F IO ( I , J l )
1 - E F I O ( I f J 2 ) ) / ( 2 . * D F I* U * D R ) + E R 0 ( I , J ) / ( U * D R ) ) * S H 0 ( I , J )
FEO ( I , J ) = - ( A2+A3+A4)
105 c o h tih u e
FEO ( 4 1 , J ) =FEO( 4 0 , J )
FEO ( 1 ,  J ) =FEO ( 2 ,  J )
104 COHTIHUE
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C G IVE 0 . VALUE TO P H IR .P H R
c  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
DO 106 L = 1 ,L 0  
DO 106 1 = 1 ,1  
DO 106 J=1,M  
P H I R ( I , J , L ) = 0 .
106 COHTIHUE 
DO 107 1 = 1 ,H 
DO 107 J=1,M  
P H R ( I , J )= 0 .
107 COHTIHUE 
C
RETURH
EHD
C * * » * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
SUBRO U TIH E IR E F L E C (K )
C**********************************************************
c T h i s  su b ro u t in e  c a lc u la te  the  wave r e f le c t io n
c in  th e  io n o sp h e re .
c  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
COMMON / P R E / S H 0 (4 1 , 4 8 ) ,S P 0 ( 4 1 ,4 8 ) ,P H 0 (4 1 , 4 8 ) , S 0 ( 4 1 , 4 8 ) ,  
1 E R 0 ( 4 1 , 4 8 ) , E F I0 ( 4 1 , 4 8 ) ,F E 0 (4 1 ,4 8 )
COMMON /C U R R /F E (4 1 , 4 8 ) , F E H ( 4 1 ,4 8 ) , F E P ( 4 1 ,4 8 ) ,R I ( 4 1 ,4 8 ) , 
1 F I ( 4 1 ,4 8 ) ,R IH ( 4 1 , 4 8 ) , R IP ( 4 1 , 4 8 ) , F IH ( 4 1 , 4 8 ) , F IP ( 4 1 , 4 8 ) ,
1 A J E (4 1 ,4 8 )
COMMOH / F IE L D / E R ( 4 1 , 4 8 ) , E F I ( 4 1 ,4 8 ) ,D IV E ( 4 1 ,4 8 )
COMMON /P H /P H P (4 1 , 4 8 ) ,P H T ( 4 1 ,4 8 ) ,P H I( 4 1 ,4 8 ) ,P H R ( 4 1 ,4 8 )  
COMMOH /C 0 D /SH (4 1 , 4 8 ) , S P ( 4 1 ,4 8 ) ,D S H (4 1 , 4 8 ) ,D S P (4 1 ,4 8 ) ,
1 S H P (4 1 , 4 8 ) ,S P P ( 4 1 ,4 8 )
COMMOH /PA RA /R ,D R , D F I , D F I2 , D T , LO, HO, M, N , H , E , B , B E TA ,
1 CBET A , GAMA, F E T , FEC , QO
COMMOH /P A R A 1 /L1 ,L2  , L 3 , L 4 , L 5 , L 6 , L 7 , L 8 , L 9
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COMMOI / D E LA /P H IR (4 1 , 4 8 , 6 0 ) ,R M (4 1 ,4 8 )
D IM E IS IO H  B 0 ( 4 1 , 4 8 ) , B 2 ( 4 1 ,4 8 ) ,B 3 ( 4 1 ,4 8 ) ,B 5 ( 4 1 ,4 8 ) ,
1 B 4 ( 4 1 , 4 8 ) ,B 6 ( 4 1 , 4 8 ) ,P R E F ( 4 1 ,4 8 )
SA = 0 .5  
ER R = 0 . 1 
DO 102 J = 1,M 
J1=J+1 
J 2 = J -1
I F ( J . E Q . l )  J2=M 
IF ( J .E Q .M )  J l = l  
DO 103 1 = 2 ,H - l  
U = F L 0 A T ( I- 1 )
U2=U*U
11= 1+1
12=1-1
B O ( I , J ) = 4 . * (D F I2 + 1 . /U2)
B l= 2 . + D F I2
B 2 ( I , J ) = D F I2 / ( S A + S P ( I , J ) ) * ( ( S A + S P ( I , J ) ) / U + ( 0 . 5 + ( S P ( I l , J ) -  
1 S P ( I 2 , J ) ) - 1 . / U * ( S H ( I , J l ) - S H ( I , J 2 ) ) / D F I* 0 .5 ) )
B 3 ( I , J ) = D F I / ( ( S A + S P ( I , J ) ) * U ) + ( 0 . 5 * ( S H ( I1 , J ) - S H ( I2 , J ) ) +
1 0 . 5 / ( U * D F I ) * ( S P ( I , J 1 ) - S P ( I , J 2 ) ) )
B 4 ( I , J ) = 2 . / U 2
B 5 ( I , J ) = - 2 . * D F I2 / ( S A + S P ( I , J ) ) * ( ( S A - S P ( I , J ) ) * ( P H I ( I 1 , J ) -  
1 2 . * P H I ( I , J ) + P H I ( I2 , J ) )
1 + ( (S A -S P C I, J ) ) / U - ( 0 . 5 * ( S P ( I i , J ) - S P ( I 2 , J ) ) - 0 . 5 / ( U + D F I ) *
1 ( S H ( I , J 1 ) - S H ( I , J 2 ) ) ) ) * 0 . 5 * ( P H I ( I I , J ) - P H I ( I 2 , J ) )
1 - l . / U * ( 0 . 5 * ( S H ( I l , J ) - S H ( I 2 , J ) ) + 0 . S / ( U * D F I ) *
1 ( S P ( I , J 1 ) - S P ( I , J 2 ) ) ) * 0 . 5 / D F I* ( P H I( I , J l ) - P H I ( I , J 2 ) ) +
1 ( S A - S P ( I , J ) ) / ( U 2 * D F I2 ) * ( P H I ( I , J l ) - 2 . * P H I ( I , J ) + P H I ( I , J 2 ) ) )  
B 6 ( I , J ) = - 2 . * D F I2 / ( S A + S P ( I , J ) ) * ( ( - D S P ( I , J ) ) * ( P H P ( I1 , J ) -  
1 2 . * P H P ( I , J ) + P H P ( I2 , J ) )
1 + ( ( - D S P ( I , J ) ) / U - ( 0 .5 + ( D S P ( I I , J ) -D S P ( 1 2 , J ) ) - 0 . 5 / ( U * D F I) *
1 ( D S H ( I , J 1 ) - D S H ( I , J 2 ) ) ) ) * 0 . 5 * ( P H P ( I1 , J ) - P H P ( I2 , J ) )
1 - 1 . / U * ( 0 . 5 * ( D S H ( I1 , J ) - D S H ( I2 , J ) ) + 0 . 5 / (U + D F I) *
1 ( D S P ( I , J 1 ) - D S P ( I , J 2 ) ) ) * 0 . 5 / D F I* ( P H P ( I , J 1 ) - P H P ( I , J 2 ) ) +
1 ( - D S P ( I , J ) ) / (U 2 + D F I2 ) * (P H P C I, J l ) - 2 . * P H P ( I , J ) + P H P ( I, J 2 ) ) )  
103 COHTIHUE
102 COHTIKUE
DO 101 L = 1 ,2000  
ER R 2 = 0 .
PREFM =0.
DO 108 J=1,M 
J1=J+1 
J 2 = J - l
I F ( J . E q . l )  J2=M
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IF ( J .E Q .M )  J l  = l  
DO 109 1= 2 , H - l  
11= 1+1 
12= 1-1
P R E F ( I , J ) = 1 . / B 0 ( I , J ) * ( ( B 1 + B 2 ( I , J ) ) * P H R ( I1 , J ) +
1 ( B l - B 2 ( I , J ) ) + P H R ( I2 , J ) +
1 ( B 3 ( I , J ) + B 4 ( I , J ) ) + P H R ( I , J 1 ) + ( B 4 ( I , J ) - B 3 ( I , J ) ) + P H R ( I , J2)
1 + B 5 ( I , J ) + B 6 ( I , J ) )
ERR1=A BS( P R E F ( I , J ) - P H R ( I , J ) )
P R E F S = A B S (P R E F ( I, J ) )
IF (E R R 1 .G T .E R R 2 )  ERR2=ERR1 
IF (P R E F S .G T .P R E F M ) THEH 
PREFM =PREFS
B 6 M = A B S (B 6 ( I, J ) / B O ( I , J ) )
B 5 M = A B S ( B S ( I , J ) / B 0 ( I ,J ) )
E L S E
R=R
EHD I F
P H R ( I , J ) = P R E F ( I , J )
109 COHTIHUE
108 c o n tin u e
101 IF ( E R R 2 . L E . ERR) GOTO 104
I F ( L . G T . 1999) STOP ’ SOLUTIOH DOES HOT CONVERGE’
104 IF ( K .E Q . L I . O R .K .E Q .L 2 . O R .K .EQ . L 3 .O R .K . EQ. L 4 . OR. K . EQ. L 5 . OR. 
1 K .E Q .L 6 .O R .K .E Q .L 7 . O R .K . E Q .L 8 . O R .K .E Q .L9 ) T H E !
P R IN T  * , ’ PREFM=’ , PREFM, '  B6M=’ ,B 6 M ,’ B5M=’ ,B5M
E L S E
R=R
EHD I F  
155 DO 105 1 = 1 ,N
DO 105 J = 1 ,K
P H T ( I , J ) = P H I ( I , J ) + P H R ( I, J ) + P H P ( I , J )
PHP( I , J ) =P H T( I , J )
105 CONTINUE
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c C a lc u la te  e le c t r ic  f ie ld
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
DO 110 J=1,M  
J1=J+1 
J 2 = J - l
I F ( J . E Q . l )  J2=M 
IF ( J .E Q .M )  J l = l
E R ( 1 , J )  = 1 0 0 0 .* ( P H T ( 2 , J ) - P H T ( 1 , J ) ) / D R  
E F I ( 1 , J )= 0 .
E R (N , J ) = 1 0 0 0 .* ( P H T ( H ,J ) -P H T ( H - 1 , J ) ) / D R
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E F I ( H , J ) = 1 0 0 0 .* 0 .5 * ( P H T ( H ,J l) - P H T ( H , J 2 ) ) / ( D R * ( H - l) * D F I)
DO 106 I= 2 ,H - 1
U = F L 0 A T ( I-1 )
E R ( I , J )= 1 0 0 0 . * 0 . S * ( P H T ( 1 + 1 ,J ) - P H T ( I - 1 , J ) ) /DR
E F I ( I t J ) = 1 0 0 0 .* 0 . 5 * ( P H T ( I , J l ) - P H T ( I , J 2 ) ) / (U *D R *D F I)
106 COHTIHUE
110 C O ITIHU E
c *************************************••**•*•***
c c a lc u la te  th e  d ive rgence o f e le c t r ic  f ie ld
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
DO 111 J=1,M
J1=J+1
J 2 = J -1
I F ( J . E q . l )  J2=M 
IF (J .E Q .M )  J l = l  
D IV E (1 , J ) =0.
D IV E (H , J ) = - ( ( E R ( H , J ) - E R ( H - 1 , J ) ) / D R + E R (H ,J ) / ( (H -1 ) * D R )
1 + 0 .5 * ( E F I ( H , J 1 ) - E F I ( H , J 2 ) ) / ( D R * ( H - l ) * D F I) )
DO 107 1 = 2 ,H - l  
U = F L 0 A T ( I-1 )
D IV E ( I , J ) = - ( 0 . S * ( E R ( I+ 1 , J ) - E R ( I - 1 , J ) ) / D R + E R ( I, J ) / (U * D R )  
1 + 0 .5 * ( E F I ( I , J 1 ) - E F I ( I , J 2 ) ) / ( U * D R * D F I) )
107 COHTIHUE
111 COHTIHUE
RETURH 
EHD
C
C
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
SUBRO UTIHE CURR(K)
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C T h i s  su b ro u t in e  c a lc u la te  f ie ld - a l ig n e d  c u rre n t
c and the  h o r iz o n t a l c u r r e n t s .
c ***********************************************
COMMOH /P R E /S H 0 (4 1 , 4 8 ) ,S P 0 ( 4 1 , 4 8 ) ,P H 0 (4 1 ,4 8 ) ,5 0 ( 4 1 ,4 8 )  , 
1 E R 0 (4 1 , 4 8 ) , E F I0 ( 4 1 , 4 8 ) ,F E 0 (4 1 ,4 8 )
COMMOH /C U R R /FE (4 1 , 4 8 ) ,F E H ( 4 1 ,4 8 ) ,F E P ( 4 1 , 4 8 ) , R I ( 4 1 ,4 8 )  , 
1 F I ( 4 1 , 4 8 ) , R IH ( 4 1 , 4 8 ) , R IP ( 4 1 ,4 8 ) , F IH ( 4 1 , 4 8 ) , F IP ( 4 1 , 4 8 ) ,
1 A J E (4 1 , 4 8 ) ,TF E ,F E M
COMMOH / F IE L D / E R ( 4 1 , 4 8 ) ,E F I( 4 1 ,4 8 ) ,D IV E ( 4 1 ,4 8 )
COMMOH /P H /P H P (4 1 , 4 8 ) ,P H T ( 4 1 ,4 8 ) ,P H I( 4 1 ,4 8 ) ,P H R ( 4 1 ,4 8 )  
COMMOH /C 0D /SH (41 , 4 8 ) ,S P ( 4 1 , 4 8 ) ,D S H (4 1 , 4 8 ) ,D S P (4 1 ,4 8 )  ,
1 S H P (4 1 , 4 8 ) ,S P P (4 1 ,4 8 )
COMMOH /PA RA /R,D R, D F I , D F I2 , D T , LO , HO, M, H , H , E , B , B E TA ,
1 C BETA, GAMA, F E T , FEC , QO
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COMMON / D E LA /P H IR (4 1 , 4 8 , 6 0 ) ,R M (4 1 ,4 8 )
DO 201 J= 1 , M 
J1=J+1 
J 2 = J - l
I F ( J . E Q . l )  J2=M 
IF ( J .E q .M )  J l = l  
DO 202 1 = 2 ,H - l  
U = F L 0 A T ( I- 1 )
U2=U*U
11= 1+1
12= 1-1
A 2 = l . / R / ( 2 . * D R ) * ( E R ( I , J ) + R * E F I ( I , J ) ) * ( S H ( I I , J ) -  
1 S H ( I2 , J )  )
A 3 = l, / R / ( 2 . * D F I* U * D R ) * ( E F I ( I , J ) - R * E R ( I , J ) ) *
1 ( S H ( I , J l ) - S H ( I , J 2 ) )
A 4 = l. / R * ( ( E R ( I1 , J ) - E R ( I 2 , J ) ) / ( 2 . * D R ) + ( E F I( I , J l )
1 - E F I ( I , J 2 ) ) / ( 2 . * D F I * U * D R ) + E R ( I , J ) / ( U * D R ) ) * S H ( I , J )
F E ( I , J)= -(A 2+A 3+A 4)
A 2 H = E F I( I , J ) * ( S H ( I 1 , J ) - S H ( I2 , J ) ) / ( 2 . *DR)
A 3 H = -E R ( I, J ) * ( S H ( I , J 1 ) - S H ( I , J 2 ) ) / ( 2 . *D F I*U *D R )
FE H ( I , J ) = - ( A2H+A3H)
F E P ( I , J ) = F E ( I , J ) - F E H ( I , J )
202 CONTINUE
F E ( 4 1 , J ) = F E ( 4 0 , J )
F E ( 1 ,  J ) = F E ( 2 , J )
FE H ( 4 1 , J ) = F E H ( 4 0 , J )
F E H ( 1 , J ) = F E H ( 2 , J )
F E P ( 4 1 , J ) = FE P ( 4 0 , J )
F E P ( 1 ,  J ) = FEP ( 2 , J )
201 COHTINUE
c ***********************************************
c C a lc u la te  h o r iz o n t a l c u rre n t  and Jo u le
c d is s ip a t io n  ra te .
Q ***********************************************
DO 203  J=1,M
DO 203 1 = 1 ,N
C R I ( I , J ) = S H ( I , J ) * ( E R ( I , J ) / R + E F I( I , J ) )
C F I ( I , J ) = S H ( I , J ) * ( E F I ( I , J ) / R - E R ( I , J ) )
R I P ( I , J ) = S H ( I , J ) * E R ( I , J ) / R  
R I H ( I , J ) = S H ( I , J ) * E F I ( I , J )
R I ( I , J ) = R IH ( I , J ) + R IP ( I , J )
F I P ( I , J ) = S H ( I , J ) * E F I ( I , J ) /R  
F I H ( I , J ) = - S H ( I , J ) * E R ( I , J )
F I ( I , J ) = F I P ( I , J ) + F I H ( I , J )
A J E ( I , J ) = R I ( I , J ) * E R ( I , J ) + F I ( I , J ) * E F I ( I , J)
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203
204
205
C
COHTIHUE 
T F E = 0 .
DO 204 1 = 1 ,H 
DO 204 J=1,M
I F  ( F E ( I , J ) . L T .O . . A N D . J . L E . 3 0
. AHD. I . L E .2 6 . AHD. I . G T.8 )  THEH
TF E = TF E + A B S ( F E ( I , J ) ) *FLO A T( I - 1 ) *D R*D FI*D R
E L S E
R=R
EHD I F
COHTIHUE 
FEM =0. .
DO 205 1 = 1 ,H
DO 205 J = 1,M
I F  ( F E ( I , J ) . L T . 0 . )  THEH
I F  ( A B S ( F E ( I , J ) ) .G T .F E M )  THEH
FEM=ABS( F E ( I , J ) )
E L S E  
FEM=FEM 
EHD I F  
E L S E  
R=R 
EHD I F
COHTIHUE
RETURH
EHD
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
SUBRO UTIHE CDHDUC(K)
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C T h i s  su b ro u t in e  c a lc u la te  the  conductance
enhancement in  the  io n o sp h e re . 
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
COMMON / P R E /S H 0 (4 1 , 4 8 ) ,S P 0 ( 4 1 , 4 8 ) ,P H 0 (4 1 , 4 8 ) ,S 0 ( 4 1 , 4 8 ) ,  
1 ERO( 4 1 ,4 8 ) , E F I0 ( 4 1 , 4 8 ) , F E 0 ( 4 1 ,4 8 )
COMMOH /C U R R /FE (4 1 , 4 8 ) ,F E H ( 4 1 ,4 8 ) ,F E P ( 4 1 ,4 8 ) , R I ( 4 1 ,4 8 ) ,  
1 F I ( 4 1 ,4 8 ) ,R IH ( 4 1 , 4 8 ) , R IP ( 4 1 , 4 8 ) , F IH ( 4 1 , 4 8 ) , F IP ( 4 1 , 4 8 ) ,
1 A J E (4 1 ,4 8 )
COMMOH / F IE L D / E R ( 4 1 , 4 8 ) ,E F I( 4 1 ,4 8 ) ,D IV E ( 4 1 ,4 8 )
COMMON /P H /P H P (4 1 , 4 8 ) ,P H T ( 4 1 ,4 8 ) ,P H I( 4 1 ,4 8 ) ,P H R ( 4 1 ,4 8 )  
COMMOH /C 0D /SH (41 , 4 8 ) ,S P ( 4 1 , 4 8 ) ,D S H (4 1 , 4 8 ) ,D S P (4 1 ,4 8 ) ,
1 S H P (4 1 , 4 8 ) ,S P P (4 1 ,4 8 )
COMMOH /PA RA /R,D R, D F I , D F I2 ,D T , LO , NO, M, N , H , E , B , B E TA ,
1 C BETA , GAMA, F E T , FEC , QO
COMMOH / P A R A 1 / L 1 , L 2 , L 3 , L 4 , L 5 , L 6 , L 7 , L 8 , L 9
1
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401
403
COMMON /DELA/PHIR(41,48,60),RM(41,48)
DIMENSION D1(41,48),D2(41,48),D3(41,48),D4(41,48)
DO 401 1=1,N 
DO 401 J=1,M 
SH P( I , J) =SH( I , J)
SPP(I,J)=SP(I,J)
CONTINUE 
DO 402 J=1,M 
J1=J+1 
J2=J-1
IF(J.EQ.l) J2=M 
IF(J.EQ.M) Jl=l 
DO 403 1=2,N-l 
U=FL0AT(I-1)
U2=U*U 
11= 1+1 
12= 1-1  
FETN=-FET 
IF(FE(I,J).GT.FETN) THEN 
Q=0 .
ELSE
IF(I.LE.15) THEN 
0=0.3E4*ABS(FE(I,J))
ELSE
IF(DIVE(I,J).GE.O.) THEN
0 = QO
ELSE
AFE=ABS(FE(I,J))
IF(AFE.GE.FEC) THEN 
q=GAMA*(FEC-FET)
ELSE
Q=GAMA*(ABS(FE(I,J))-FET)
END IF 
END IF 
END IF 
END IF 
cq=q*H/B
D1(I,J)=Cq*ABS(FE(I,J))
D2(I,J)=S0(I,J)
D 3( I , J ) = -C BETA *SH P( I , J ) *  *2
D 4 ( I , J ) = - ( 0 . 5 * ( S H P ( I , J 1 ) - S H P ( I , J 2 ) ) / ( U * D R * D F I) * E R ( I , J ) 
1 - 0 . 5 * (S H P ( 1 + 1 ,J ) - S H P ( I - 1 , J ) ) / D R * E F I ( I , J ) ) /B
S H ( I , J ) = S H P ( I , J )
1 +DT*(D1(I,J)+D2(I,J)+D3(I,J)+D4(I,J) )
CONTINUE
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S H ( H ,J ) = S H ( H -1 ,J )  
S H (1 , J ) = S H ( 2 , J) 
D l( l , J ) = D 1 ( 2 , J )  
D 2 (1 , J )= D 2 (2 , J) 
D 3 (1 , J )= D 3 (2 , J ) 
D 4 (1 , J )= D 4 (2 , J) 
402 COHTIHUE
SHM=0.
DSHM=0.
K I= 0
KJ=0
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c C a lc u la te  th e  change o f conductance between
c two tim e  s te p s .
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
DO 404 1 = 1 ,H 
DO 404 J=1,M  
S P ( I , J ) = S H ( I , J ) / R  
D S H ( I , J ) = S H ( I , J ) - S H P ( I , J )
D S P ( I , J ) = S P ( I ,  J ) - S P P ( I . J )
D SHS=A BS(DSH( I , J ) )
IF ( S H ( I , J ) .G T .S H M )  S H M = S H (I,J )
IF (D SH S .G T.D SH M ) THEH 
D SH M = D SH (I,J)
D 1M =D 1(I, J )
D 2M =D 2(I, J )
D 3M =D 3(I, J )
D 4M =D 4(I, J )
K I = I  
K J= J 
E L S E  
R=R 
EHD I F
404 COHTIHUE
IF ( K .E Q .L 1 .0 R .K .E Q .L 2 .0 R .K .E q .L 3 .0 R .K .E Q .L 4 .0 R .K .E Q .L S .0 R .
1 K .E Q .L 6 .0 R .K .E Q .L 7 .0 R .K .E Q .L 8 .0 R .K .E Q .L 9 )  THEH
P R IH T  * , ’ SHM=’ ,SHM , ’DSHM=’ ,DSHM, ’ 1 = ’ , K I , ’ J = ’ ,K J  
P R IN T  * , ’D1M=’ ,D 1M ,’ D 2M =\D 2M ,’ D3M=’ ,D 3M ,’ D4N=’ ,D4M 
P R IH T  >
E L S E  
R=R 
EHD I F
4S5  RETURN
END
C
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C
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
SUBRO UTINE D ELA Y(K)
C***************************************************
c T h i s  su b ro u t in e  hand le the  wave t ra v e lin g
c between the  magnetosphere and th e  io n o sp h e re .
c *********************************************
COMMON /P R E /S H 0 (4 1 , 4 8 ) ,S P 0 ( 4 1 ,4 8 ) ,P H 0 ( 4 1 ,4 8 ) ,S 0 ( 4 1 ,4 8 ) , 
1 E R 0 (4 1 , 4 8 ) , E F I0 ( 4 1 , 4 8 ) ,F E 0 ( 4 1 ,4 8 )
COMMON / C U R R / F E ( 4 1 ,4 8 ) ,F E H ( 4 1 ,4 8 ) ,F E P ( 4 1 ,4 8 ) ,R I( 4 1 ,4 5 ) , 
1 F I ( 4 1 ,4 8 ) ,R IH ( 4 1 , 4 8 ) , R IP ( 4 1 , 4 8 ) , F IH ( 4 1 , 4 8 ) , F IP ( 4 1 , 4 8 ) ,
1 A J E (4 1 ,4 8 )
COMMON / F IE LD /E R C 4 1 , 4 8 ) ,E F I ( 4 1 ,4 8 ) ,D IV E ( 4 1 ,4 8 )
COMMON /PH/PHPC 41, 4 8 ) ,P H T ( 4 1 ,4 8 ) ,P H I( 4 1 ,4 8 ) ,P H R ( 4 1 ,4 8 )  
COMMON /C0D/SHC41, 4 8 ) , S P ( 4 1 ,4 8 ) ,D S H ( 4 1 ,4 8 ) ,D S P ( 4 1 ,4 8 ) ,
1 SHP( 4 1 ,4 8 ) ,S P P ( 4 1 ,4 8 )
COMMON /PA RA /R,D R, D F I ,D F I2 , D T , LO , NO, M, N , H , E , B , B E TA ,
1 CBETA, GAMA, F E T , FEC , QO
COMMON /D E LA /P H IR (4 1 , 4 8 , 6 0 ) ,R M (4 1 ,4 8 )
DO SO I 1 = 1 ,N 
DO 501 J=1,M
P H I R ( I , J , L0 + 1 ) = P H R ( I, J ) * R M ( I ,J )
501 CONTINUE 
DO 502 L = 1 ,L 0  
DO 502 1 = 1 ,N 
DO 502 J=1,M
P H IR ( I , J , L ) = P H IR ( I , J . L + l )
502 CONTINUE 
DO 503 1 = 1 ,N 
DO 503 J=1,M
P H I( I , J ) = P H IR ( I , J ,1 )
503 CONTINUE 
RETURN
END
C
C
c A l l  q u a n t it ie s  in  t h i s  code are  in  MRS u n i t .
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